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Glenn Schweitzer 


1391 CORRECTIONS AND CLARIFICATIONS 
1391 TECHNICAL COMMENT ABSTRACTS 


BOOKS ET AL. 
NEWS OF THE WEEK 1392 SuperSense 
1372 Congress Takes First Step Toward B. M. Hood, reviewed by M. Shermer 
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1393 Dread 


1373 Macau Launches Late Bid to Cure P. Alcabes, reviewed by K. R. Foster 
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The flight path of a maple seed visualized in a composite 1362 This Week in Science 


1366 Editors’ Choice 
1368 Science Staff 


multiflash photograph. Autorotating seeds slow their descent by 
exploiting the low pressure generated by a vortex that forms at 
the leading edge of their spinning wing. A similar leading-edge 1371 Random Samples 
vortex also elevates the lift of insect, bat, and hummingbird 1462 New Products 
wings. See page 1438. 1463 Science Careers 
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1408 Magnetic Fields in the Formation 
of Massive Stars 
J. M. Girart et al. 
Observations of polarized dust emission show 
that the magnetic field controls the dynamical 
evolution of a massive star-forming region. 


1411 A Radio Pulsar/X-ray Binary Link 
A. M. Archibald et al. 
Radio observations reveal a system undergoing 
the transition from a low-mass x-ray binary star 
to a millisecond radio pulsar. 
>> Perspective p. 1396 


1414 Determining the Dynamics 
of Entanglement 
O. Jiménez Farias et al. 
The evolution of quantum mechanically 
entangled photon pairs can now be measured 
as they interact with their environment. 


1417 Colloidal Nanocrystals with Molecular 
Metal Chalcogenide Surface Ligands 
M. V. Kovalenko et al. 
Chalcogenide-based ligands are used to link 
colloidal nanocrystals together and can be 
converted into semiconducting complexes. 


1421 Polarization Control of Electron Tunneling 
into Ferroelectric Surfaces 
P. Maksymovych et al. 
High electric fields delivered with an atomic 


force microscope tip pattern polarization 
domains in ferroelectric thin films. 


1425  lsotopic Homojunction Band Engineering 
from Diamond 
H. Watanabe et al. 
Nanoscale multilayers of diamond that 
alternate in isotopic composition create 
quantum wells that confine electrons. 


1428 Measuring the Charge State of an Adatom 
with Noncontact Atomic Force Microscopy 
L. Gross et al. 
Charging of gold and silver atoms on salt 
films changes the force detected by the 
tip of a scanning probe microscope. 
>> Perspective p. 1397; Science Podcast 


1431 Oxygen-18 of O2 Records the Impact of 
Abrupt Climate Change on the Terrestrial 
Biosphere 
J. P. Severinghaus et al. 

Ice core studies show that changes in 
low-latitude rainfall accompanied abrupt 
climate change over the past 100,000 years. 


www.sciencemag.org SCIENCE VOL 324 


1435 


1438 


1441 


1444 


1447 


1451 


1454 


1457 


Boom-and-Bust Development Patterns 
Across the Amazon Deforestation Frontier 
A. S. L. Rodrigues et al. 

Rainforest loss in the Amazon is associated 
with ephemeral increase in people’s relative 
prosperity. 

>> Science Podcast 


Leading-Edge Vortices Elevate Lift 

of Autorotating Plant Seeds 

D. Lentink et al. 

Winged plant seeds use leading-edge vortices 
to create lift, in the same way that flying 
animals do. 


Fluorescent False Neurotransmitters 
Visualize Dopamine Release from 
Individual Presynaptic Terminals 

N. G. Gubernator et al. 

Optical tracking of neurotransmitter release 
in the brain reveals multiple synaptic 
populations that depend on brain activity. 


Structure of Rotavirus Outer-Layer Protein 
VP7 Bound with a Neutralizing Fab 

S. T. Aoki et al. 

Binding of neutralizing antibodies to 
rotavirus stabilizes coat-protein trimers 

and blocks cell entry. 


Extensive Demethylation of Repetitive 
Elements During Seed Development 
Underlies Gene Imprinting 

M. Gehring et al. 

Gene function in Arabidopsis endosperm 
depends on whether a gene is maternally 
or paternally inherited. 


Genome-Wide Demethylation 
of Arabidopsis Endosperm 
T.-F. Hsieh et al. 


The endosperm genome of Arabidopsis 
shows extensive gene imprinting. 


Hyper-Recombination, Diversity, and 
Antibiotic Resistance in Pneumococcus 
W. P. Hanage et al. 

Promiscuity not only leads to diversity 

in streptococcal bacteria, but also to an 
increased likelihood of acquiring drug 
resistance. 


Inhibition of Hedgehog Signaling 
Enhances Delivery of Chemotherapy 

in a Mouse Model of Pancreatic Cancer 

K. P. Olive et al. 

Pancreatic tumors are unresponsive 

to chemotherapy because their limited 
vasculature precludes efficient drug delivery. 
>> Perspective p. 1400 


CONTENTS continued >> 


12 JUNE 2009 
Published by AAAS 


page 1421 


CONTENTS 


page 1441 


1359 


AMPLIFICATION // PCR REAGENTS 


enzymadgIc. 


PCR enzymes with 
extraordinary capabilities. 


For 10 years, Bio-Rad has been innovating real-time 
PCR by listening to the experts: you. 


Introducing SsoFast™ EvaGreen® supermix — a unique 
Sso/d fusion polymerase combined with EvaGreen dye 


and optimized buffer that delivers unrivaled speed 

and performance for a variety of GPCR applications. 

Using our patented* Sso/d fusion protein technology, 
SsoFast EvaGreen supermix offers: 

= Minimal inhibition of PCR — ensures maximum efficiency, 


sensitivity, and reproducibility while providing higher fluorescence 


= |nstant polymerase activation and rapid polymerization kinetics 
for fast qPCR results in less than 30 min 


=" Guaranteed high resolution melt capability for genotyping studies 


Together, we’ve rethought PCR. Please visit 
www.bio-rad.com/ad/ssofast/ for more information. 


Research. Together. 


*U.S. patent 6,627,424. 
EvaGreen is a trademark of Biotium, Inc. Bio-Rad Laboratories, Inc. is licensed by Biotium, Inc. to sell reagents containing EvaGreen dye 
for use in real-time PCR, for research purposes only. 


Purchase of this product includes an immunity from suit under patents specified in the product insert to use only the amount purchased for the 
purchaser's own internal research. No other patent rights are conveyed expressly, by implication, or by estoppel. Further information on purchasing 
licenses may be obtained by contacting the Director of Licensing, Applied Biosystems, 850 Lincoln Centre Drive, Foster City, California 94404, USA. 


To find your local sales office, visit www.bio-rad.com/contact/ 


In the U.S., call toll free at 1-800-4BIORAD (1-800-424-6723) al 


CREDITS: (SCIENCE NOW) GRACE PRYOR AND DAVID HU; (SCIENCE SIGNALING) CHRIS BICKEL; (SCIENCE CAREERS) LOUISE HOLMES 


SCIENCEONLINE 


CONTENTS 


SCIENCEXPRESS 


www. sciencexp ress.org 


Genome-Wide RNAi Screen Identifies 

Genes Involved in Intestinal Pathogenic 
Bacterial Infection 

S. J. FE. Cronin et al. 

In vivo RNA interference screen reveals regulators 


of innate immunity in Drosophila. 
10.1126/science.1173164 


Meningococcal Type IV Pili Recruit the 

Polarity Complex to Cross the Brain Endothelium 
M. Coureuil et al. 

Adhesion of bacteria to cells lining blood vessels in 

the brain induces them to part and allows pathogen 

Invasion. 

10.1126/science.1173196 


LXR Regulates Cholesterol Uptake Through 
Idol-Dependent Ubiquitination of the LDL Receptor 
N. Zelcer et al. 

Cholesterol metabolism is regulated by a signaling 


pathway that targets the LDL receptor for degradation. 
10.1126/science.1168974 


Self-Assembling Sequence-Adaptive Peptide 
Nucleic Acids 

Y. Ura et al. 

A synthetic DNA analog can dynamically adapt 


its sequence in response to changing templates. 
10.1126/science.1174577 


Experimental Realization of a Three-Dimensional 
Topological Insulator, BizTe3 

Y. L. Chen et al. 

BizTe; is identified as a three-dimensional topological 


insulator with a single metallic surface state. 
10.1126/science.1173034 
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Comment on “Tail Reconnection 
Triggering Substorm Onset” 
A. T. Y. Lui 


full text at www.sciencemag.org/cgi/content/full/324/ 
5933/1391-b 


Response to Comment on “Tail Reconnection 
Triggering Substorm Onset” 
V. Angelopoulos et al. 


full text at www.sciencemag.org/cgi/content/full/324/ 
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Highlights From Our Daily News Coverage 
Snakes on a Pane 

Researchers figure out how snakes move over 
flat surfaces. 

Physicists Put the Quantum Into Mechanics 


Experiment demonstrates weird quantum connection 
between tiny “machines.” 
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Case Closed: Scientists Nab Birds 
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Forensic analysis of feathers fingers culprit in Hudson 
River crash. 
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PODCAST 
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Adaptor subunits of phosphoinositide 3-kinase y 
specify different cellular responses. 


PERSPECTIVE: Insulin Signaling in Sporadic 
Alzheimer’s Disease 

F.-F. Liao and H. Xu 

Amyloid-B and its oligomers disrupt insulin signaling 
by targeting the insulin receptor or downstream 
kinases. 
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It's All in the Delivery >> 


Pancreatic cancer is almost universally associated with a poor progno- 
sis, in part because the tumors are resistant to chemotherapeutic 
drugs. Working with a mouse tumor model that displays many features 
of the human disease, Olive et al. (p. 1457, published online 21 May; 
see the Perspective by Olson and Hanahan) found that the tumors 
were poorly vascularized, a factor likely to impede drug delivery. Treat- 
ment of the mice with the chemotherapeutic drug gemcitabine in com- 
bination with a drug that depletes tumor-associated stromal tissue led 
to an increase in tumor vasculature, enhanced delivery of gemcitabine, 
and a delay in disease progression. Thus, drugs targeting the tumor 
stroma may merit investigation as a way to enhance the efficacy of 
conventional chemotherapy for pancreatic cancer. 


Stellar Hourglass Figure 


Star-forming clouds are thought to be supported 
against gravity by ordered interstellar magnetic 
fields, which are strong enough to slow gravita- 
tion collapse but too weak to prevent it. Girart 
et al. (p. 1408) meas- 
ured polarized radio 
waves from dust parti- 
cles around a forming 
massive star, which 
reveal an hourglass 
shape. The data imply 
that a magnetic field 
strength dominates 
over turbulence—the 
telltale signs of mag- 
netically controlled star 
formation. These condi- 
tions mimic those found 

in low-mass star-forming 
regions, suggesting that the magnetic field plays 
an important role in star formation, irrespective 
of differences in mass. 


From X-ray Binary 
to Pulsar 


Pulsars with millisecond rotational periods are 
thought to originate from neutron stars in low- 
mass x-ray binaries that had their spin frequen- 
cies increased by long-lasting mass transfer 
from their companion stars. Using data from a 
radio pulsar survey, Archibald et al. (p. 1411, 
published online 21 May; see the Perspective by 
Kramer) found a neutron star in a low-mass X- 
ray binary that is in the process of turning into a 
radio millisecond pulsar. The system, which con- 
sists of a solar-like star and a 1.69-millisecond 
radio pulsar, has gone through a recent accre- 
tion phase, characteristic of low-mass X-ray 


binaries, but it shows no accretion disk any- 
more, confirming the evolutionary connection 
between millisecond radio pulsars and low-mass 
X-ray binaries. 


Confining Carriers 
in Diamond 


Charge carriers can be confined in thin layers cre- 
ated by quantum wells. These multilayer structures 
alternate nanoscale layers of materials with 
slightly different band-gap energies, such as 
AlGaAs and GaAs, and create a confining potential. 
Watanabe et al. (p. 1425) demonstrate quantum 
confinement of electrons by diamond multilayers 
that vary only in isotopic composition; the carbon- 
12 and carbon-13 layers differ in band-gap energy 
by ~17 millielectron volts. Cathodoluminescence 
experiments performed at 80 kelvin showed that in 
alternating layers (as thin as 30 nanometers or as 
thick as 350 nanometers), emission comes from 
charge carriers recombining in the carbon-12 
layer, which has a lower band gap. Carriers from 
the carbon-13 layer appear to transfer with little 
loss into carbon-12 layers. 


Cooling All Atoms 


Laser cooling can be used to chill atoms to ultralow 
temperatures. However, the characteristics of the 
atoms and of the lasers limit the technique to a 
select few elements of the periodic table. Tech- 
niques are thus being explored that can be applied 
more generally. Raizen (p. 1403) reviews recent 
work on the magnetic coilgun cooling technique— 
where a series of magnetic pulses are applied to a 
cloud of atoms or molecules and can cool them to 
millikelvin temperatures. The only requirement of 
the atoms is paramagnetism—a property of most 
of the elements in the periodic table. 


Spotting Charges 

Many nanoscale physical systems are sensitive to 
the position of isolated charges, such as single- 
electron transistors and molecular assemblies 
that separate charges with energy from photons. 
In order to probe the location of a charged atom, 
the most general methods would work on insu- 
lating surfaces. Gross et al. (p. 1428; see the 
Perspective by Meyer and Glatzel) show that a 
tuning-fork atomic force microscope (AFM) oper- 
ating in a noncontact mode at cryogenic temper- 
atures can resolve the charge state of gold and 
silver atoms absorbed on a sodium chloride film. 
Charged atoms set up image charges in the AFM 
tip, which creates an electrostatic force not pres- 
ent with a neutral atom. 


Planted Evidence 


To understand the spatial patterns and conse- 
quences of past climate change requires the 
identification of reliable proxies that reflect 
specific aspects of those changes, such as tem- 
perature or rainfall in a given location. Also of 
interest are proxies for broader categories of 
change, such as methane production or the 
sources of carbon dioxide. Severinghaus et al. 
(p. 1431) present a 100,000-year-long record 
of the oxygen isotopic composition of atmo- 
spheric O, (8*°0.,,,) extracted from air from 
polar ice cores. 880.,,, is a general measure of 
the strength of low-latitude terrestrial photo- 
synthesis and thus of local rainfall because 
plant metabolism is controlled in large part by 
water availability. 5180.,,, changes were related 
to Heinrich and Dansgaard-Oeschger events, 
two modes of abrupt climate change common 
over that interval, and 340... was controlled 
mostly by the strength of the Asian and North 
African monsoons. The rapid changes observed 
should also help to synchronize ice core records. 
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Helicopter Seed Lift 


The “helicopter” seeds of maple trees and other similar autorotating seeds detach from their par- 
ent tree under windy conditions and gyrate as they are dispersed by the wind. The reproductive 
success of the tree depends on the flight performance of its seeds. Autorotating seeds are known to 
generate high lift as they slowly descend through the air, but the means by which they do so is 
unclear. Lentink et al. (p. 1438, see the cover) have elucidated the aerodynamic mechanism for 
high lift in autorotating seeds using a robot model seed and a three-dimensional flow measure- 
ment technique. Maple seeds and a hornbeam seed create a prominent leading-edge vortex that is 
similar to the flow structures that are responsible for the high lift generated by the wings of hover- 
ing insects and bats. Thus, both animals and plants have converged on an identical aerodynamic 
solution for generating lift. 


Boom and Bust 


The Brazilian Amazon is renowned for its biodiversity and for its influence on climate regulation 
and geochemical cycles. It is also one of the country’s poorest regions. For decades, much eco- 
nomic development has been pursued through conversion of forest for agriculture and cattle- 
ranching. Rodrigues et al. (p. 1435) investigated whether this pattern of land use brings lasting 
prosperity by analyzing data on the economic development of nearly 300 municipalities across the 
deforestation frontier. Relative development, in terms of life expectancy, literacy, and standard of 
living, increases as deforestation begins but then declines again as the frontier passes through. 

As a result, pre- and postfrontier levels of development are similarly low, indicating a pattern of 
boom and bust. 


Neurotransmission in Living Color 


Neurotransmission involves the release of small molecular neurotransmitters from one neuron to 
another across a synapse. Gubernator et al. (p. 1441, published online 7 May) introduce a means to 
observe neurotransmitter release optically, by the design of fluorescent false neurotransmitters, which 
act as substrates for the synaptic vesicle monoamine transporter. These endogenous monoamine opti- 
cal tracers enabled visualization of neurotransmitter uptake and release from individual synaptic ter- 
minals and were used to evaluate dopamine neurotransmission in the striatum. The fraction of synap- 
tic vesicles that release neurotransmitter per stimulus was frequency dependent, and a frequency- 
dependent selection of presynaptic terminals was observed. 


Rotavirus Rumbled 


Rotavirus infection is the primary cause of severe diarrhea 
in infants. For the virus to enter cells, a Ca2*-stabilized 
trimer of the outer layer protein VP7 must be dissociated. 
Aoki et al. (p. 1444) report the structure of the VP7 
trimer in complex with the Fab fragment of a neutraliz- 
ing monoclonal antibody. Based on the structure and an 
analysis of positions of neutralization escape mutations, 
the authors propose that many neutralizing antibodies 
inhibit cell entry by stabilizing the VP7 trimer even at low 
calcium concentrations. A disulfide-linked trimer was then 
produced that is a potential subunit immunogen. 


Dynamic Imprinting 

Gene imprinting—the silencing of either a maternally derived or paternally derived gene allele—is 
controlled in large part by DNA methylation. In plants, imprinting occurs in the endosperm, which 
nourishes the embryonic plant. Gehring et al. (p. 1447) and Hsieh et al. (p. 1451) analyzed the 
dynamics of DNA methylation in the endosperm and embryo of Arabidopsis and found extensive 
demethylation in the endosperm, suggesting that many imprinted genes are likely to exist. Gehring et 
al. characterized five imprinted genes in detail. Four of the 10 known imprinted genes are related 
homeodomain transcription factors. Furthermore, 5’ sequences demethylated in several of the genes 
were found to be derived from transposable elements, which supports the idea that imprinting arose 
as a by-product of silencing invading DNA. 
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| FDITORIAL 


Reset Cooperation with Russia 


ON 17 AND 18 JUNE 2009, IN MOSCOW, THE U.S. NATIONAL ACADEMIES AND THE RUSSIAN 
Academy of Sciences will celebrate the 50th anniversary of the signing of the first interacademy 
agreement on scientific cooperation between the National Academy of Sciences and the Soviet 
Academy of Sciences. An important goal of this jubilee is to help revitalize bilateral cooperation 
in science and technology (S&T), which has declined in recent years. The anniversary comes 
just before President Obama and President Medvedev meet next month in Moscow to continue 
efforts to reset U.S.-Russian relations on a broad basis. 

The U.S. National Academy of Engineering and the Institute of Medicine are now also par- 
ties to the agreements, and the Academy of Medical Sciences and the Academy of Agricultural 
Sciences play supporting roles on the Russian side. Collectively, these academies support only 
a small portion of U.S.-Russian scientific cooperation, which also involves many other public- 
and private-sector organizations. But as they did in 1959, the academies 
can help to energize cooperation on a broad basis by highlighting the 
payoffs for researchers, institutions, and government agencies of care- 
fully designed joint efforts. 

More than 2500 U.S. scientists and a comparable number of Russian 
scientists from hundreds of institutions have participated in interacad- 
emy projects. History has shown that unlocking laboratory doors can be 
an important step in building confidence between both individuals and 
governments. In Moscow, the academies undoubtedly will cheer past 
successes, which should bode well for the future. During the 1960s, 
many scientists were pioneers in uniting important communities of the f 
two countries; and in the 1970s, the academies paved the way for bilat- 
eral government efforts to explore space, investigate the atom, and share \ 
data banks of ocean, Earth, and atmospheric research findings. In the fol- 
lowing decade, they helped set the stage for reaching arms control agreements, finding common 
ground on human rights, and expanding explorations of the polar ice caps. And in the 1990s, 
they provided important stability in U.S.-Russian relations at a time of political and economic 
turmoil in Russia. Most recently, the academies have provided an important impetus for expand- 
ing international nuclear nonproliferation efforts, reducing the likelihood of the malevolent use 
of dual-use biotechnologies, and countering the dangers of urban terrorism. 

The next half-century will continue to challenge the best scientific talent that the United 
States, Russia, and other countries have to offer. Responding to threats to global security must 
be paramount: Confronting climate change with clean energy technologies, containing infec- 
tious diseases while benefiting from new discoveries in the biomedical sciences, and keeping 
nuclear weapons materials safe and secure are all essential. Both basic and applied research and 
improved technology transfer from laboratory to practice will be key. 

The interactions of the academies with their respective governments are critically important. 
Providing advice on scientific developments has become a standard practice for the academies 
in both Washington and Moscow. But helping their governments to jointly address bilateral 
cooperation is also an urgent task. From catalyzing more vigorous implementation of the U.S.- 
Russian bilateral S&T agreement to optimizing intergovernmental approaches for reducing 
nuclear threats, the academies can help ensure that their two governments are in tune with the 
changing global landscape. When such advice reflects the views of specialists from both 
countries, its influence can carry well beyond the United States and Russia. Thus, enhancing the 
ability to speak in unison on science-related policy issues will be an important agenda item for 
the academies’ anniversary celebration in Moscow. 

When Peter the Great established the Russian Academy of Sciences in 1724, he wisely pre- 
dicted that “science and education will determine Russia’s future.” When Abraham Lincoln 
signed the Act of Incorporation for the National Academy of Sciences, he proclaimed, “I know 
of nothing so pleasant to the mind, as the discovery of anything which is at once new and valuable.” 
With common roots, shared purposes, and joint efforts, the academies of the two countries can 
continue to be a strong force for global peace and prosperity. — Glenn Schweitzer 
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EVOLUTION 
Mapping Life’s History 


The tropical region of the New World hosts the richest plant diver- 
sity in the world, a richness that owes much to the complex tec- 
tonic history of this part of the Earth. Focusing on two tribes 
of the family Rubiaceae (which includes the coffee plant 
among many others), Antonelli et al. have traced how the 
uplift of the Andes has influenced the spatial and tempo- 
ral evolution of neotropical plant diversity—not only in 
the mountains but also in the lowlands. Molecular phy- 
logeographic analysis shows how the initial uplift of the 
western and central Andes beginning in the Eocene 
inhibited dispersal and led to diversification in the low- 
lands, while creating new montane habitats and taxa. 
Further barriers to dispersal between Amazonia and the 
mountains were imposed by marine incursions and the 
formation during the Miocene of the huge, but now-van- 
ished, wetland (referred to as Lake Pebas or the Pebas Sea) to 
the east of the Andes. The disappearance of Lake Pebas and the 
establishment of the modern Amazon drainage are reflected in 
the distribution and speciation of younger lowland taxa in western 
Amazonia. The Miocene uplift of the eastern Cordillera of the Andes 
(shown above) meanwhile promoted dispersal of montane taxa. — AMS 
Proc. Natl. Acad. Sci. U.S.A. 106, 10.1073/pnas.0811421106 (2009). 


BIOCHEMISTRY 
Fit to Function 


induced the folding of two positively charged 
regions (red) that docked onto the DNA (gray). In 
contrast, electron microscopy showed that ATP- 
bound ParA forms filaments that likely facilitate 
segregation. — VV 

EMBO J. 28, 10.1038/emboj.2009.120 (2009). 


In bacteria, low—copy number plasmids provide a 
model system for studying the segregation of 
DNA into daughter cells—partitioning requires 
only a centromere-like DNA site, a partition 
NTPase, and a centromere-binding protein. The 
type II systems use the actinlike partition protein 
ParM to drive plasmid separation. The 
Escherichia coli plasmid P11 uses the type | sys- 
tem of the partition ATPase ParA, the centromere 
binding protein ParB, and the 
DNA site parS. ParA with ATP 
bound interacts with cen- 
tromere-bound ParB to 
mediate segregation; 
however, ADP- 
bound ParA acts 
as a transcrip- 
tion factor that 
represses parAB 
transcription. 
Using crystallogra- 
phy and biochemistry, 
Dunham et al. found that ParA forms a confor- 
mationally flexible dimer that relies on an inter- 
action involving the N-terminal o helix. ADP 


CHEMISTRY 
Perils in Circular Dichroism 


Circular dichroism (CD) spectra nominally 
measure the extent to which a particular chiral 
molecule preferentially absorbs one sense of 
circularly polarized light over the other 
sense. However, the spectra have tradi- 
tionally been acquired using sam- 
ples that comprise millions of 
trillions of molecules, and they 
have largely been treated as 
empirical data. In this con- 
text, a study that probed 
the interaction of circu- 
larly polarized light with 
one molecule at a time (Hassey 
et al., Reports, p. 1437, 1 December 
2006) potentially offered deep mechanistic 
insight. The authors found that on an individ- 
ual basis, single stereoisomers of a helicene 


binding locked the monomers (blue, yellow) into 
agreeable conformations for DNA binding and 


molecule differed across a huge range in their 
CD response—some, in fact, appeared to favor 


light polarized opposite to the sense preferen- 
tially absorbed overall in an ensemble of like 
enantiomers. The method relied on fluores- 
cence microscopy to achieve single-molecule 
resolution, and Tang et al. have now suggested 
that the data might be more easily explained by 
an artifact associated with the apparatus than 
by an inherent molecular property. Specifically, 
the second group of authors attempted to 
reproduce the findings, but observed that the 
circular polarization of incoming light was dis- 
torted into an ellipse upon reflection at a 
dichroic mirror, thus becoming more sensitive 
to molecular orientation. After correcting for 
this effect, they failed to detect distinct signals 
from the different single stereoisomers. They 
therefore propose that the previously observed 
wide-ranging CD response was actually a mani- 
festation of linear dichroism (a function of ori- 
entation rather than chirality), and they argue 
for careful analysis of mirror-induced distor- 
tions in future related studies. — JSY 

J. Phys. Chem. A 113, 6213 (2009). 


CLIMATE SCIENCE 


Life in the Long Run 


The idea that we are already committed to a 
certain amount of surface air temperature 
increase and sea-level rise over the coming 
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century, even if we could immediately halt all 
CO, emissions, has become well known in sci- 
entific and science policy circles. The longer- 
term outlook is less well understood. Eby et al. 
use a complex, coupled climate-carbon cycle 
model to investigate how long anthropogenic 
climate change will persist as a function of how 
high the concentration of atmospheric CO, 
rises. They calculate how long it will take for 
half of the total emissions to be removed from 
the atmosphere, what the maximum global 
average sea surface temperature increase will 
be, and how long it will take for 80% of that sea 
surface thermal anomaly to decay. The results 
suggest that atmospheric CO, can persist at 
high concentrations for several thousand years, 
and that sea surface temperature increases can 
last many times longer than that. It looks, then, 
like we are in this for the long haul. — HJS 

J. Climate 22, 2501 (2009). 


GEOLOGY 
Holes in Rocks 


Most minerals in Earth's crust are built on a 
Si-O?~)—Si framework. Commonly, these min- 
erals contain minor O—-O dimers as impuri- 
ties distributed throughout the bulk of the crys- 
tal. When minerals within rocks experience 
mechanical stress, the weak bonds holding the 
dimers together are broken, creating a charge 
imbalance that gives rise to mobile positive 
holes. These holes travel 
through stressed mineral “=p 
grains to other nearby be 
minerals—like ai Ss 
current passing 
through a p- 
doped semicon- 
ductor—until they 
eventually arrive at 
the rock’s surface. 
Through a series of 
electrochemical experi- 
ments, Balk et al. demonstrate 
that such holes at the surface of 
rocks in simulated seawater rapidly oxi- 
dize water to form H,O,. Because crustal rocks 
are predominately in contact with water and are 
almost always experiencing some type of stress 
from processes such as plate tectonics, glacial 
movement, and lithostatic pressuring, the oxi- 
dation of water by stressed minerals might have 
helped to contribute oxygen to Earth’s early 
atmosphere. Conceivably, H,0, generated at 
rock-water interfaces could also have provided 
evolutionary pressure for local organisms to 
develop survival mechanisms in highly oxidiz- 
ing microenvironments. — NW 

Earth Planet. Sci. Lett. 283, 87 (2009). 
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HUMAN GENETICS 
Imperfect Assortment 


Cancer cells use multiple mechanisms to evade 
the normally stringent control on cell behav- 
iors such as growth and differentiation. These 
mechanisms can involve chromosomal instabil- 
ity, a common occurrence in solid tumors 
whereby cells lose or gain whole chromosomes 
or parts thereof. 

Using microarray-based methods to analyze 
with high resolution the chromosomal changes 
in individual cells, Vanneste et al. have 
observed that chromosomal instability occurs 
at a remarkably high frequency in human 
cleavage-stage embryos. In 2 of 23 3- to 4- 
day-old embryos from young healthy couples, 
all of the cells isolated contained normal chro- 
mosomes. The remainder contained various 
numbers of cells with extra whole chromo- 
somes or chromosomal fragments. Although 
this study analyzed embryos generated by in 
vitro fertilization, there may be in vivo implica- 
tions, given that half of spontaneous abortions 
display chromosomal imbalances. — HP 

Nature Med. 15, 577 (2009). 


NEUROSCIENCE 
| Hear What You're Saying 


The widespread adoption of multiple technolo- 
gies for distinct channels of data communica- 
tion—text, voice, and video—has made it 
abundantly clear to even the casual user 
that more bandwidth allows for higher 
rates of information transfer. But 
what happens on the receiving end? 
Presumably, recipients of phone 
calls are processing a lot more 
information, such as emotional 
overtones, than just the words that 
are spoken. Does this emotional 
content register in their brains? 
Ethofer et al. apply the method 
of multivariate pattern analysis 
and show that pseudowords 
spoken with five distinct emo- 
tional melodies (anger, sadness, relief, joy, or 
neutrality) do evoke recognizable neural 
responses within the auditory cortex. Each of 
these emotions could be discriminated against 
the others, and decoding algorithms trained on 
any nine of the speakers’ voices were accurate 
in classifying the emotional identity of the 
tenth speaker's speech. Furthermore, the five 
distributed maps of neuronal activity segre- 
gated more closely to levels of arousal than 
valence, suggesting a possible affective organi- 
zation within the auditory cortex. — GJC 
Curr. Biol. 19, 10.1016/j.cub.2009.04.054 (2009). 
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Introducing Science Translational Medicine, 
the new journal from AAAS and Science. 


This fall, AAAS and Science will launch Science Translational Medicine, a new journal focused 
on how basic research knowledge can be applied to positively impact human health. 


The goal of Science Translational Medicine is simple: to help the scientific community harness 
decades of progress in basic research and translate these complex biological discoveries into 
medical advances. 


Headed by Editor Katrina Kelner, Ph.D., and Chief Scientific Adviser, Elias Zerhouni, M.D., 
former Director of the NIH, the journal will feature original research articles, in-depth reviews, 
and commentary. Both in print and online, Science Translational Medicine promises a unique 
forum where biologists, engineers, chemists, and physicians can come together to exchange 
ideas and information. 


Science Translational Medicine is now accepting 
manuscripts. To submit your work for consideration please Science 
visit: www.sciencemag.org/marketing/stm/papers.dtl. Translational 
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Baby Elikya and | 
her mom are 9 


Cold Spring Harbor 
Chilly to Tweets 


Cold Spring Harbor Laboratory (CSHL) in New 
York state is revamping its meeting rules to 
bind scientists by the same restrictions that 


apply to reporters. 


Journalists at CSHL meetings must agree not 

— to write anything without the permis- 

) sion of the speaker. But during a meet- 

= / ing last month, several scientists— 

including Daniel MacArthur of the 
Wellcome Trust Sanger Institute in 
Hinxton, U.K., and Francis Collins, for- 


mer director of the National Human Genome 
Research Institute in Bethesda, Maryland— 
reportedly posted comments about talks in 
Twitter “tweets” and on Web pages. 

A Web-based news service, GenomeWeb, 
complained. Now the lab is cracking down. 
Meetings organizer David Stewart says he is 
revising the meeting registration form so that all 
participants, reporters or otherwise, will agree to 
get prior permission for any Internet postings. 


Relief in Zero G 


As if cramped quarters and freeze-dried ice 
cream weren't enough, astronauts face the 


BLOW IT LIKE BACH 


Scottish physicists have helped a Swiss conservatory recreate the mysterious lituus, a horn 
| used in the time of Johann Sebastian Bach. 

x Bach wrote a part for the lituus in his cantata “O Jesu Christ, meins Lebens Licht.” 
Musicians at Schola Cantorum Basiliensis in Basel, Switzerland, wanted to perform the 
cantata with a real lituus. But they had no idea what the instrument looked like—only 
the range of notes it played and its likely sound characteristics. So they turned to fluid 


—-.. | 
The long-forgotten — 
, _ lituus was recre- 
| ated with the help © 
~ of fluid dynamics 


I 


dynamicists Murray Campbell and Alistair Braden of the 
University of Edinburgh in the United Kingdom. Braden has 
designed a computer program that models the acoustic 
properties of wind instruments. The hardest problem, he 
says, was generating “realistic instrument shapes.” 

The resulting design is a horn made of light wood some 
2.5 meters long. Played with no holes or valves, it has a roughly 
three-octave range and makes a “haunting” sound, says 
Braden who explains that the length is necessary for the qual- 
ity of the higher notes. The conservatory has been giving 
“experimental performances” with two copies of the horn 
based on Braden’s design and is now investigating how a 
curved version would sound. “Scientists are seldom able to con- 
tribute so directly to art,” says Braden. “It’s like making a new 
paintbrush and seeing it in the hands of a master painter.” 
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Back to the Woods 


This month, conservationists will make the first attempt to reintroduce bonobos, 
the most endangered of Africa’s great apes, into the wild. Seventeen animals will be 
\ * moved from their sanctuary in the Democratic Republic of the Congo (D.R.C.) to a 
20,000-hectare forested preserve in the northwestern part of the country near the 
© Congo River. Known for settling group conflicts with sex rather than violence, bonobos 
are found today only in the D.R.C., where a mere 10,000 may remain in the wild. Belgian 
conservationist Claudine André started the 30-hectare Lola ya Bonobo sanctuary in the 
D.R.C. 15 years ago. “This is a strategically designed release,” says the reintroduction pro- 
ject’s scientific adviser, primatologist Brian Hare of Duke University in Durham, North 
Carolina. The apes will be closely monitored and supplied with food if necessary. André 
has hired local villagers to guard the animals from bushmeat hunters. If all goes well, 
more of the sanctuary’s 62 bonobos, some of whom were abused as pets or mutilated for 
witchcraft ceremonies, will one day move back to the woods. 


unpleasant necessity of urinating in near-zero 
gravity. Apollo crews solved this problem with 
condomlike devices. Current models consist of 
a vacuum-cleaner-like hose with attachable 
funnels for males and females—now more 
sophisticated, but still sometimes uncomfort- 
able and messy. 

So 10 engineering students from the 
University of California, San Diego, have 
teamed up with thermal and fluids engineer 
Eugene Ungar of the Johnson Space Center in 
Houston, Texas, to develop something better. In 
January, they were accepted into NASA's 
Microgravity University, a program that gives 
undergraduates the chance to conduct experi- 
ments on board a plane that performs parabolic 
maneuvers to simulate ultralow gravity. By April, 
the students were in the air testing their “pee 
machine,” a contraption that pushes a column 
of water through a simulated urethra into an 
acrylic box where they can track the flow dynam- 
ics with high-speed cameras. 

“We're really going to hit hard with design- 
ing and testing different methods for collecting 
urine in the coming years,” says Timothy 
Havard, student leader of the project. One 
promising design, he says, is a receptacle filled 
with a honeycomb network that harnesses sur- 
face tension and the velocity of the fluid to cap- 
ture the urine with minimal splash-back. 
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U.S. CLIMATE POLICY 


Congress Takes First Step Toward 
One-Stop Shopping for Climate 


Congress is moving quickly to lay a frame- 
work for a new federal body that would gener- 
ate scientifically credible predictions about 
the impact of global warming, for use by 
everyone from city planners to state wildlife 
managers. The entity, dubbed the National 
Climate Service, would be managed by the 
National Oceanic and Atmospheric Adminis- 
tration (NOAA) and draw on research from 
many federal agencies. But building such a 
service, which proponents say would do for 
climate what the National Weather Service 
(NWS) does for weather predictions, won’t be 
cheap or easy. 

The idea of providing government and 
industry with one place to go for climate infor- 
mation has been around for more than 20 years. 
It would offer short-term products such as 
drought forecasts, as well as guidance on 
decades-long phenomena such as whether a 
particular region will continue to have optimal 
conditions for wind or solar power. The task 
requires integrating existing data from many 
federal agencies and expanding research efforts 
in areas such as high-resolution regional cli- 
mate modeling. “There’s intense interest in the 
climate science world” in a National Climate 
Service, says Terrence Schaff, who directs gov- 
ernment relations for the Woods Hole Oceano- 


A supreme test 
of patentability 


graphic Institution in Massachusetts. 

Last week, the House Committee on Sci- 
ence and Technology moved the concept closer 
to reality by approving a bill (H.R. 2407) that 
directs the White House to evaluate how to 
coordinate all the federal agencies that study 
and monitor climate change. The legislation, 
introduced in May by the panel’s chair, Repre- 
sentative Bart Gordon (D—TN), was adopted 
largely along party lines, with the ranking 
Republican saying he was not convinced that a 
climate service is necessary. Gordon hopes the 
language will be added to major climate 
change legislation drafted by representatives 
Henry Waxman (D-CA) and Edward Markey 
(D—MA) that is working its way to the House 
floor. Another bill (H.R. 2685), introduced last 
week and referred to the science committee, 
would speed the process by spelling out how 
the service should be organized. 

Also last week, the House panel that con- 
trols NOAA’s budget added $100 million in 
2010 for a variety of climate research programs 
already under way to help grease the wheels. 
“We’ve moved from talking about this on the 
cocktail circuit to serious business about how 
we're going to do it,’ says Robert Corell of the 
Heinz Center in Washington, D.C., about the 
climate service. 


Opening up 
the seed banks 


Uncertain fate. Regional climate change forecasts 
would help relocation planning for villages threat- 
ened by global warming, such as Shishmaref, Alaska. 


The former head of NOAA, retired Vice 
Adm. Conrad Lautenbacher Jr., began talking 
up the idea last year, and his successor, marine 
ecologist Jane Lubchenco, has carried it for- 
ward. Both say it makes sense for NOAA to 
take the lead, as the agency already gathers 
much climate data from buoys, satellites, and 
other monitoring platforms. It could also tap a 
network of regional collaborations on climate 
impacts as well as the local offices of NWS. 

The science committee’s bill directs NOAA 
to create an office that would manage the day- 
to-day operations of a climate service. A key 
issue is how to integrate all relevant federal 
agencies. Even if NOAA manages operations, 
it can’t tell another agency to change its 
research strategy, for example. “We probably 
need White House authority to ensure that all 
the pieces come together,’ says Eric Barron, 
director of the National Center for Atmos- 
pheric Research in Boulder, Colorado, who 
chaired a NOAA advisory committee that 
studied organizational issues. 

Gordon’s bill asks the White House’s Office 
of Science and Technology Policy (OSTP) to 
investigate possible solutions over the next 
2 years. “I’m hopeful we can move much more 
rapidly than that,” Lubchenco says. 

The second bill, introduced by Representa- 
tive Madeline Bordallo (D—Guam), would 
mandate an Interdepartmental Oversight 
Board, chaired by the OSTP director, that 
would set priorities and develop a cross-agency 
budget. Science lobbyists prefer this bill 
because it gives the extramural community a 
greater role in setting the research agenda. The 
bill has been referred to the science committee, 
and a staffer says members are open to a discus- 
sion of Bordallo’s concerns. 

House Speaker Nancy Pelosi (D-CA) has 
told the chairs of various House committees 
with jurisdiction over aspects of climate change 
to finish reviewing the Waxman-Markey bill by 
19 June, although no vote has been scheduled. 
(The Senate is waiting to see what the House 
produces.) NOAA and other agencies don’t 
need legislation to create a climate service, but 
Lubchenco says that congressional approval 
validates the need for a climate service. “This is 
an idea whose time has come,” she says. 

—ERIK STOKSTAD 
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ENVIRONMENTAL SCIENCE 


China launches attack 
on mystery disease 


A deep-diving 
Russian 


Macau Launches Late Bid to Cure Its Pearl River Delta Blues 


MACAU—Hard up against the luxury casinos 
of Cotai Strip, a tiny remnant of native 
Macau is fenced off with barbed wire—for 
its own protection. “This is what it looked 
like before they filled in the wetlands and 
built casinos,” says Wang Zhishi, a professor 
of environmental engineering at the Univer- 
sity of Macau. 

Taipa-Coloane Wetland Reserve may 
appear more memorial than functional, but 
Wang and others hope that the 15 hectares of 
marsh will offer a sanctu- 
ary for an embattled sym- 
bol of Macau: the black- 
faced spoonbill, a criti- 
cally endangered species 
with some 2000 individu- 
als left in the wild. A few 
dozen of the migratory 
birds with the distinctive 
lute-shaped bill stay here 
in winter; their ranks have 
dwindled as the city’s 
human denizens have 
multiplied. Macau’s gov- 
ernment restored Taipa- 
Coloane wetland and 40 
more hectares of man- 
grove coast in a last-ditch 
effort, Wang says, to “call 
the bird back.” 

For Macau, a gambling haven known 
more for unbridled development than for 
ecological awareness, the reserve’s creation 
this year is a milestone on an uncertain road 
to sustainability. Another milestone will be 
passed on 29 June, when Macau establishes 
an Environmental Protection Bureau. “We 
started a little too late. But now the public is 
demanding a better living environment, and 
we have to catch up with international stan- 
dards,” says Vong Man Hung, acting presi- 
dent of the Macau Environment Council’s 
executive committee. The 10-year-old coun- 
cil has no authority to enforce laws; the 
bureau that will supplant it, on the other 
hand, will have full rein to go after polluters. 
“Without doubt, it will be a more powerful 
voice for the environment,” says Vong. 

The new bureau faces daunting prob- 
lems, including severe air pollution and tox- 
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icants flowing into the Pearl River Delta, a 
region that includes Macau, Hong Kong, 
and mainland China’s Guangdong Province. 
In a report last month, Guangdong’s oceans 
and fisheries bureau noted that at least 8 mil- 
lion tons of pollutants and sewage dis- 
charged into the delta last year entered the 
South China Sea. Macau is the recipient of 
much of this toxic largess. “The waters off 
Macau’s coast are a giant sink for pollu- 
tants,” says Wang. 
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Fits the bill? Macau hopes tiny Taipa-Coloane reserve will attract rare black-faced spoonbills. 


For researchers, at least, Macau’s afflic- 
tions offer a rare opportunity to probe pollu- 
tion in a setting that, thanks to the city’s 
small size, scientists can fully characterize. 
“Macau is a unique urban environmental 
laboratory,” says Mok Kai Meng, dean of 
the University of Macau’s science and tech- 
nology faculty. 


Distress signals 

The waters of the Pearl River Delta are 
growing fouler and fouler. Red tides in the 
estuary once lasted a few days and were lim- 
ited to coastal fish farms. In recent years, the 
harmful algal blooms have persisted longer 
and covered a larger area, says red tide 
expert Ho Kin-chung, dean of science and 
technology at The Open University of Hong 
Kong. “It’s changing into a regional phe- 
nomenon,” he says. 
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Prevailing currents sweep industrial efflu- 
ents and pesticide runoff down the delta and 
deposit toxicants in coastal sediments. “A 
huge amount of pollutants are transferred to 
Macau,” says Ming Wong, director of the 
Croucher Institute for Environmental Sci- 
ences at Hong Kong Baptist University. A 
recent survey by the University of Macau and 
the Research Institute of Geochemistry in 
Guangzhou found that concentrations of 
organochlorine pesticides and polycyclic aro- 
matic hydrocarbons were higher in 
Macau’s inner harbor than at any 
other site sampled in the delta. 

Readings of DDT, 
which China and 
some other countries 
still use for mosquito 
control, were off the 
chart: 1628.8 parts 
per billion in Macau 
harbor compared with 
| 2.6 ppb in Shenzhen 
Bay, for instance. 

The witches’ brew, which 
includes heavy metals, gets into 
local fish. “These days, we warn 
people in Hong Kong about eat- 
ing too much fish,” says Wong. A 
rising incidence of skin dis- 
orders in children in the region, 
he says, has been linked to elevated levels of 
four elements in hair, blood, and urine: mer- 
cury, arsenic, cadmium, and lead. An in- 
creasing prevalence of neurological dis- 
orders in Hong Kong may also be linked to 
blood mercury levels in infants, he says, and 
mercury has been associated with impaired 
male fertility in Hong Kong. 

Macau cannot stem the toxic tide. But the 
environment bureau, to be headed by the 
current chief of Macau’s cartography office, 
Cheong Sio Kei, is expected to forge tighter 
connections with counterparts in Hong 
Kong and Guangdong. “There will be more 
collaboration in the region to define a com- 
mon strategy,” says Mok. 

A more visible menace in the Pearl River 
Delta is filthy air. Regional air quality is so 
appalling that each year an estimated 10,000 
people in the delta die from respiratory > 
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distress, Hong Kong researchers reported 
last year. The primary culprits are coal-fired 
power plants and rising automobile exhaust 
emissions. In recent years, concentrations of 
fine particulates (PM10) in Macau have 
been at least double—and in bad years, 
quadruple—the U.S. Environmental Pro- 
tection Agency’s annual PM10 standard of 
50 micrograms per cubic meter. Conditions 
worsen in winter, when a northeasterly mon- 
soon brings dry, particle-laden air. 
Improving air quality is one area in which 
the new bureau can quickly assert itself, says 
Vong. Already, she notes, Macau has moved 
to lessen its reliance on coal and produce 
more electricity from natural gas. And last 
year, the government passed legislation that 


PATENTS 


U.S. Supreme Court Delves Into What Is and Isn't Patentable 


For more than a decade, 
two entrepreneurs have 
been battling without suc- 
cess to win a U.S. patent 
on their method of doing 
commodity deals. Last 
week, the U.S. Supreme 
Court agreed to hear their 
plea, signaling that it may 
pounce on the case to 
clarify rules about what 
is, or is not, patentable. 
Patent attorneys say a 
decision could affect not 
just business methods but 
some biotech claims and 
process inventions. 

The business duo, 
Bernard Bilski and Rand Warsaw, have been 
jousting with the U.S. Patent and Trademark 
Office (PTO) since the late 1990s because it 
refuses to award them a patent on their idea 
for buying and selling bulk materials, such as 
coal, while hedging their bets with contracts 
at different prices. PTO rejected this “inven- 
tion” as too abstract—it doesn’t even include 
an algorithm—and the top U.S. patent court, 
the Court of Appeals for the Federal Circuit 
(CAFC), upheld the rejection. 

The news that the Supreme Court has 
agreed to hear this case jolted legal experts 
last week. Hans Sauer, associate counsel for 
the Biotechnology Industry Association 
(BIO) in Washington, D.C., says it’s a “big 
deal” and has snapped “most patent attor- 
neys in the country” to attention. For BIO 
members, Sauer sees a risk that the 
Supreme Court—which hasn’t ventured 


tightened vehicle emissions standards. The 
bureau should put some teeth into these 
standards, Vong says, as well as work harder 
to promote public transportation. 

Also on the bureau’s agenda is noise pol- 
lution. Macau is one of the most densely 
populated regions in the world: Some half a 
million people are crowded onto Macau 
peninsula and two islands, equating to more 
than 18,000 inhabitants per km?—and that 
doesn’t even count the roughly 27 million 
visitors each year. 

Dialing down the decibels may calm 
frayed nerves—and soothe spoonbills. One 
of six spoonbill species, the black-faced 
spoonbills breed in late spring and early 
summer in Korea and China’s Liaoning 


Patent futures. A rejected patent on a commodity-trading strategy could have broad implications. 


into the territory of what is patentable in a 
couple of decades—could come up with a 
new definition that excludes certain diag- 
nostic procedures or techniques to analyze 
genes, chemicals, or other natural phenom- 
ena. Physicians’ groups, on the other hand, 
view such restrictions more favorably 
because they fear patents may limit access 
to diagnostics. 

The biotech industry’s concern is justi- 
fied, says Christopher Holman, a law profes- 
sor at the University of Missouri, Kansas 
City, and former pharma biochemist. He 
notes that the Bilski patent was rejected by 
CAFC because the judges said it did not 
involve a machine or a process that trans- 
forms a material from one thing to another. 
Since then, this logic has been used by a 
lower court to reject a biotech patent on vac- 
cination scheduling; the court said simply 


Province, and they winter on a stretch of 
coast from Japan to Vietnam. “The bird is 
quite sensitive to environmental change,” 
says zoologist Leung Va, a spoonbill expert 
at Macau’s Seac Pai Van Park. Leung rattles 
off a number of interventions necessary to 
ensure that the 50-odd spoonbills that flock 
to Macau keep doing so: reduce light pollu- 
tion from the casinos, limit vehicular and 
pedestrian traffic along the coastal reserve, 
and curtail fishing in spoonbill habitat. “The 
government has to do a lot; otherwise for the 
birds there is no hope,” Leung says. 

For Macau’s new environmental watchdog, 
that’s one of many challenges it must meet to 
satisfy a citizenry with rising expectations. 

RICHARD STONE 


that it violated the Bilski 
rule. Now CAFC is poi- 
sed to decide about 
another biotech patent, 
this one held by Pro- 
metheus Laboratories of 
San Diego, California, 
on setting doses for the 
immune suppressant 
drug azathioprine. It’s 
been challenged on 
grounds that it violates 
Bilski and is based on 
natural phenomena. 

Holman has joined 
four academics in an 
amicus brief to CAFC 
saying that judges need 
to be cautious in knocking down such 
patents: They should not call a person’s 
response to azathioprine a natural phenome- 
non, for example, because the drug itself 
isn’t natural. BIO also weighed in with a 
brief to CAFC, arguing that “significant and 
important sectors of the biotechnology 
industry” could be harmed if the Bilski logic 
is applied too broadly. Meanwhile, the Amer- 
ican Medical Association and six other med- 
ical groups have filed a brief on the opposite 
side, arguing that the Prometheus patent 
should be rejected because it is abstract and 
based on natural phenomena. 

The Supreme Court’s review of the Bilski 
case could set the ground rules for deciding 
this case and others involving biotech and ana- 
lytical process inventions. The court hasn’t set 
a date for accepting briefs but could do so as 
soon as this fall. -ELIOT MARSHALL 
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JAPAN 


Science Windfall Stimulates High 
Hopes—and Political Maneuvering 


TOKYO—A handful of stellar researchers could 
be in line for grants of as much as $90 million 
over 5 years, thanks to a new program included 
ina stimulus package approved by Japan’s leg- 
islature on 29 May. But some scientists worry 
that a political selection process could steer 
money toward industry-favored projects. “I’m 
pessimistic about [the prospects for] basic sci- 
ence,” says Masao Ito, a neuroscientist at 
RIKEN, near Tokyo. 

In Japan, most grant programs are con- 
ceived by the ministries of education or 
economy, trade, and industry in consulta- 
tion with the scientific community. But the 
new program, which aims to strengthen 
support for “world-leading research,” is the 
brainchild of Seiko Noda, who as minister 
for Science and Technology Policy heads a 
small bureau in the Cabinet office that 
coordinates positions on research issues 
across ministries. 

A career politician, Noda had no prior 
research-related responsibilities. But after 
taking the science policy post in August 
2008, she heard long-running complaints 
about how scientists spend more time 
applying for grants than conducting 
research and how they are required to spend 
all grant money in the year it’s awarded, 
says Eisuke Futamura, an official in the sci- 
ence policy bureau. In what Futamura calls 
a “rare case” of a science policy minister 
initiating a new program, Noda proposed a 
$2.7 billion fund to support about 30 
world-beating research teams. The group 
leader would be able to spend the money as 
needed over 5 years and hire adminis- 
trators to handle paperwork. 

Noda personally presented the 
plan to the Council for Science 
and Technology Policy, the J 
nation’s highest science advi- 
sory body, in late April. With 
the council’s endorsement, the 
proposal was added to the 


$141 billion supplemental budget bill, which 
is intended to help Japan spend its way out of 
recession. The bill includes $13.7 billion for 
science-related funding, mostly to upgrade 
facilities and equipment, in addition to 
Noda’s pet project. 

Jockeying over control of the program has 
already begun. Sadayuki Sakakibara, presi- 
dent of Toray Industries and a member of the 
science policy council, called for half of the 
members of any selection panel to come from 
industry, and Prime Minister Taro Aso has 
declared that he will make the final call on 
grantees. Not surprisingly, many researchers 
worry that the program will be slanted toward 
applied research and that the selection 
process will be politicized. “We need to try to 
cook this to get [proper] priorities,” says 
Kiyoshi Kurokawa, former dean of Tokai 
University School of Medicine and a former 
science adviser to Japan’s prime minister. 

Whatever areas win funding, the program 
would set an important precedent in allowing 
more flexible use of research funds, argues 
Tasuku Honjo, a member of the science policy 
council and a molecular geneticist at Kyoto 
University. “Once established, this principle 
could be used again for other grant programs,” 
he says. Futamura says proposals would be 
accepted from all fields and the selection 
process would likely rely on expert recom- 
mendations endorsed by the prime minister. 
Details will be clarified when the program is 
formally announced, Futamura says. 

Before Noda’s program can disburse 
funds, a law must be amended so that money 

appropriated in one fiscal year can be 
spent over several years. Legisla- 
tion is in the works, Honjo says, 
but passage depends on support 
of the prime minister and his 
Cabinet. Futamura says he 
has no idea when the amend- 

ment might be voted on. 
—DENNIS NORMILE 


Top-down. Seiko Noda, Japan’s science policy minister, wants to rewrite the rules on research funding. 
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Unfriendly Skies. Call it CSI: Bird Strike. 
For the first time, researchers have used a 
sophisticated chemical analysis to finger 
the fowl that brought down an airplane. 
The case? Figuring out just which type of 
bird caused a US Airways jet to crash into 
New York's Hudson River in January. 
http://tinyurl.com/ngz5zc 


A 10-Million-Year-Old Laugh. It’s some- 
thing all humans do, regardless of race, 
culture, language, or creed: laugh. And, it 
turns out, some 10 million to 16 million 
years ago, the last common ancestor of 
humans and apes was laughing, too, most 
likely when tickled. That's the conclusion of 
an analysis of the recorded laughs of young 
orangutans, chimpanzees, and human chil- 
dren. http://tinyurl.com/ldffvt 


Snakes on a Pane. Snakes just wouldn't be 
snakes without their characteristic slither. 
Known scientifically as “lateral undula- 
tion,” the creatures wiggle their bodies 

like a sideways wave and leave a perfect 
S-shaped track as they go. But just how 
does slithering get snakes from point A to 
point B? A new mathematical model may 
reveal the answer. http://tinyurl.com/lz3qny 


Laser Light Bulbs. Tired of dealing with 
those newfangled fluorescent and halogen 
bulbs that tend to blow out and can’t quite 
handle dimmer switches? You might just 
find solace from an old and trusted source: 
incandescent lights. A team of physicists 
has discovered a way to double the effi- 
ciency of these ordinary light bulbs. All it 
takes is a superfast laser blast to their fila- 
ments. http://tinyurl.com/kmoc95 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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PLANT BREEDING 


Scientists Seek Easier Access to Seed Banks 


Frances Ogbonnaya believes Ethiopia’s tra- 
ditional wheat varieties could hold the key to 
staving off a global food crisis. Wheat 
around the world is under siege from Ug99, 
an especially virulent strain of the fungus 
that causes stem rust, a plant disease. Few 
commercial wheats can resist the devastat- 
ing strain (Science, 8 May, p. 710). That’s 
why Ogbonnaya, a geneticist at the Inter- 
national Center for Agricultural Research in 
the Dry Areas in Aleppo, Syria, is using gene 
mapping to verify that Ethiopian durum 
wheats in ICARDA’s collection harbor novel 
“slow-rusting” genes that can steel crops 
against the pathogen. 

Still more genetic weapons against Ug99 
might be found in Ethiopia’s own seed bank, 
one of Africa’s best and home to a vaunted 
collection of traditional durum wheat vari- 
eties. But unlike ICARDA, the Ethiopian 
seed bank isn’t always open to withdrawals. 
In recent years, Ethiopia has been reluctant 
to share seeds with other countries—for rea- 
sons that threatened to drive a wedge 
between rich and poor countries at a con- 
tentious treaty meeting last week. 

Free and timely access to seeds is 
enshrined in the International Treaty on Plant 
Genetic Resources for Food and Agriculture, 
which came into force in 2004. But “free and 
timely” is not how plant breeders describe 
their experience with five of the treaty’s 120 
signatories: China, Ethiopia, India, Iran, and 
Turkey. “Basically, they’re closed gene 
banks,” says Kenneth Street, a legume cura- 
tor at ICARDA. That’s alarming because 
many seed collections are vulnerable. In the 
past decade, Afghanistan’s collection was 
lost when the Taliban dumped seeds to scav- 
enge their airtight containers; Iraq’s was 
destroyed in the most recent war; and the 
Philippine seed bank sustained heavy dam- 
age from a typhoon in 2006. 

Last week, the treaty’s governing body 
met in Tunis to review implementation and 
coax reluctant nations to open their seed 
banks and contribute to a “doomsday vault” 
on Norway’s Svalbard island (Science, 23 June 
2006, p. 1730). At the forum, Ethiopia and 
other developing countries asserted that they 
should be compensated for custodianship 
and ongoing cultivation of landraces: tradi- 
tional varieties adapted to local conditions. 
Despite tensions over such issues, a deadlock 
was averted when participants found com- 
mon ground on the need for a major new 
fund to support the work of traditional farm- 


ers. “One thing everyone here agrees on,” 
Francisco Lopez of the U.N. Food and Agri- 
culture Organization (FAO) reported from 
Tunis, is that “there won’t be any agricul- 
ture in 50 years unless we have exchanges 
of germ plasm.” 

According to many observers, the recalci- 
trance of Ethiopia and like-minded countries 
is a throwback to the days of the Convention 
on Biological Diversity in 
1993. A key aim of the con- 
vention was to thwart “bio- 
piracy,” by which foreign- 


Once bitten, twice shy. Frances Ogbonnaya says Ethiopian 
durum wheats could help thwart a fungus now sweeping the 
globe—but Ethiopia is reluctant to share seeds. 


ers reaped a windfall from a country’s 
genetic resources without providing com- 
pensation. Melaku Worede, founder of the 
Ethiopian Gene Bank, notes that traditional 
knowledge of the nation’s farmers gave the 
world prized cultivars of coffee, barley, and 
wheat—without any benefit for Ethiopia. In 
the 1980s, he says, an Ethiopian barley land- 
race saved North America’s crop from an epi- 
demic of barley yellow dwarf virus, even as 
his country was suffering famine. The biodi- 
versity convention was meant to redress that 
imbalance. Instead, countries drafted an array 
of bilateral seed-trade agreements so complex 
that they constricted the international 
exchange of seeds and technical know-how— 
the lifeblood of plant breeding. 

That tourniquet was supposed to be 
undone by the genetic resources treaty, 
which superseded the biodiversity conven- 


tion when dealing with 64 crop varieties 
deemed vital to global food security. In place 
of bilateral deals, treaty signatories in 2004 
adopted a standard material transfer agree- 
ment providing access to the 64 varieties 
held in signatories’ seed banks. Any owner of 
an exclusively patented variety developed 
from such seeds would pay a 1.1% royalty to 
a common FAO-administered pool to sup- 
port crop biodiversity and conservation. 

A bone of contention for some countries 
is that they will not receive direct payments 
for sharing seeds. “Countries think, 
“We give access in the here and now, 
but what do we get back?’ ” acknowl- 
edges Shakeel Bhatti, secretary of the 
treaty’s governing body. “The benefits 
are nonmonetary. It’s access to the 
biggest [seed] bank in the world—the 
global gene pool.” Sorting out which 
countries should be remunerated for a 
valuable variety would be daunting. 
Pedigrees are complex, and “deter- 
mining the value of any particular con- 
tribution is nearly impossible,” says 
Cary Fowler, who as executive director 
of the Global Crop Diversity Trust 
(GCDT) is charged with preserving 
the world’s seed diversity. 

In a bid for faster, more tangible 
relief for traditional farmers, Worede 
made a pitch in Tunis for a biodiversity 
fund for developing nations on a par 
with GCDT. (The trust, which relies 
on voluntary contributions, has so far 
received about $120 million of a 
pledged $150 million.) Seed banks 
like Svalbard are invaluable for preserving 
landraces, Worede says, but so are the skills 
and experience that traditional farmers bring 
to bear in selecting seeds to breed landraces 
season after season. After all, he says, Sval- 
bard’s dormant accessions won’t have a 
chance to adapt to climate change. 

In a remarkable and unexpected climax as 
the meeting drew to a close, the treaty govern- 
ing body agreed to raise $116 million for a 
biodiversity fund that would support tradi- 
tional farmers. That helped avert a crisis of 
confidence in the treaty, says Bhatti, who calls 
the meeting “a real turning point.” Worede, 
more circumspect, describes the biodiversity 
fund as a “little progress.” However, he says, 
“Anything voluntary is like the dew on a leaf: 
It can fall down at any time. The contributions 
should be binding.” -ELIZABETH FINKEL 
Elizabeth Finkel is a writer in Melbourne, Australia. 
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IMMIGRATION POLICY 


U.S. Promises to Reduce Delays 
In Granting Visas for Scientists 


The U.S. government has streamlined proce- 
dures for processing visa applications from 
foreign students and researchers trying to 
enter the United States. Officials say these 
changes, announced last week, should make 
a lasting improvement in a review process 
that at times has resulted in long delays, 
pinched the flow of scientific talent into the 
country, and stymied scientific collabora- 
tions. But, citing security concerns, they 
have declined to spell out how the new 
approach differs from current practices, 
which have yo-yoed since the September 
2001 terrorist attacks. 

“We don’t expect the long wait times to 
crop up again,” says Stephen Heifetz, 
deputy assistant secretary for policy devel- 
opment at the Department of Homeland 
Security. “We think this is more of a real fix 
than the last one.” 

Marilyn Speedie, dean of the college of 
pharmacy at the University of Minnesota, 
Twin Cities, hopes that Heifetz is right. In 
April, the college was forced to postpone 
indefinitely a workshop on treatments for 
orphan diseases after three senior Indian 
researchers learned that their visas, for 
which they had applied several weeks 
earlier, would not be issued in time. In soli- 
darity, several of their Indian colleagues 
canceled their travel plans, torpedoing the 
conference. “We were extremely disap- 
pointed,” says Speedie. 

The visa process became agonizingly 
slow in the aftermath of 9/11, when the gov- 
ernment clamped down on anyone wishing 
to enter the country who had scientific and 
technical expertise deemed potentially use- 
ful to terrorists. However, even government 
officials acknowledged that the system to 
screen such applicants, known as a Visa 
Mantis, had begun to stifle the free flow of 
scientific information. By 2005, additional 
staff and better training for consular offi- 
cials appeared to have resolved the problem. 
But a few years later, the review process 
began to bog down again for reasons that are 
not clear. “By the end of 2008, the average 
delay for applicants from China had climbed 
to 4 months,” says an official with the U.S. 
National Academies, which has tried to help 
scientists caught in the system. 

David Donahue, a State Department offi- 
cial, says the recent delays were due to inad- 
equate staffing and procedural problems 
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implementing the Mantis review. Both issues 
have been fixed as of last month, he says. 
Donahue says all agencies involved in Man- 
tis checks have agreed to complete the 
process within 2 weeks. The checks can cur- 
rently take 2 months or longer. 

Top-down changes don’t always trans- 
late into improvements on the ground, how- 
ever. Although the State Department 
decided in 2005 that Mantis clearances for 
students would remain valid for 4 years 
rather than | year, the academies official 
notes that many consular officials were still 
requiring anew Mantis review for any student 
seeking to return to the United States after 
traveling home for a vacation or a family visit. 
That additional review left many students in 
limbo for several months. 


Waiting game. A conference on orphan diseases 
organized by Minnesota's Marilyn Speedie fell victim 
to visa delays. 


Speedie plans to reschedule the workshop 
once the Indian participants obtain their 
visas, and she hopes that the latest changes 
clear up the problem once and for all. The 
recent snafu delayed potential collaborations 
aimed at “fighting diseases and improv[ing] 
global health,” she says. In other words, they 
are precisely the sort of partnerships that 
could eventually ease global tensions and 
lower the threat of terrorism. 

—-YUDHIJIT BHATTACHARJEE 
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Despite the tough economic climate, Ger- 
many plans to spend €18 billion more on 
research over the next 10 years. Chancellor 
Angela Merkel announced last week that 
she and the heads of the 16 German states 
had signed off on the increase in funding, 
which was negotiated in April. The chancel- 
lor, who has a Ph.D. in physical chemistry 
and is married to a chemistry professor, said 
the agreement will send a “signal of pre- 
dictability” to researchers and help them 
draw up long-term plans for the money. 


In a win for the open-access movement, 
University College London (UCL) 
announced last week that it would soon 
begin posting copies of faculty members’ 
published journal articles in a free online 
repository. UCL follows the lead of other 
prominent institutions, including Harvard 
and Stanford universities and the Massa- 
chusetts Institute of Technology. UCL plans 
to follow the copyright policies of the rele- 
vant journals, including waiting to post 
until after the journal itself has made the 
full text freely available. 


The British government has scrapped its 
Department for Innovation, Universi- 
ties and Skills, which oversees most 
academic research programs. Created 

2 years ago, the department will now be 
merged with the Department for Busi- 
ness, Enterprise and Regulatory Reform 
to form a new Department for Busi- 
ness, Innovation and Skills. It’s not yet 
clear if the restructuring will increase the 
pressure on scientists to make their 
research more economically relevant. 


U.S. President Barack Obama signaled his 
intent to use science diplomacy to win 
over the Islamic world in his 4 June speech 
in Cairo, Egypt. The president promised new 
science envoys, centers of excellence, 
and a technological development fund 
for the Middle East, North Africa, and 
Southeast Asia. Officials in the State Depart- 
ment and the White House Office of Science 
and Technology Policy are now scrambling 
to add substance to those words. 


For science policy news daily, visit 
blogs.sciencemag.org/scienceinsider. 
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A Medical Mystery in Middle China 


China has launched a massive effort to stamp out Kashin-Beck disease, including moving populations 
from affected areas, but the cause of this crippling ailment remains elusive 


XI‘AN, CHINA—Since he was a boy, the short 
middle-aged man with gnarled fingers and 
misshapen legs has suffered from deformed 
joints. But in the past couple of years, even 
taking a step has been agony for Ma Ming- 
An, a 50-year-old farmer. “I stay home and 
cook. Now my wife works in the fields,” says 
Ma, sitting on a gurney at Shaanxi Provincial 
Institute of Endemic Disease Control 
(SEDC) in Xi’an. Last month, Ma traveled 
from his home in southwest Shaanxi to the 
province’s capital to receive treatment for 
Kashin-Beck disease (KBD)—a little-known 
ailment that has crippled and stunted the 
growth of hundreds of thousands of people in 
China’s heartland. 

A surgeon at SEDC, Yu Yue-Xiang, 
leans over Ma and presses a lump 
above his right knee. It is deteriorated 
cartilage that has dislodged from its 
moorings at the end of the femur—a 
symptom of advanced KBD. A week 
earlier, Yu removed four bullet-sized 
chunks from Ma’s left knee. He’s about 
to wash out the right one. The arthro- 
scopic surgery is no cure, but within a 
week Ma should be back on his feet. 

Yu and his colleagues are on the 
front lines of a battle against a baffling 
ailment. Although fungal toxins, 
tainted water, and trace-element defi- 
ciencies have all been implicated in the 
debilitating disease, KBD’s precise 
cause is an enduring mystery. “We 
have no idea what triggers it,” says SEDC 
vice director Bai Guanglu, who leads 
Shaanxi’s KBD response. 

China has mounted an aggressive attack 
against KBD, including providing millions 
of people with supplements and clean 
water—and condemning whole villages as 
part of the biggest relocation effort in his- 
tory to combat a disease. Over the past 
2 years in Shaanxi, some 85,000 people 
were relocated from land considered irre- 
deemably tainted. Since 1995, several hun- 
dred thousand people in five provinces 
have been uprooted and resettled. “I don’t 
know of any similar response to an issue 
like this,” says Ellen Silbergeld, an environ- 
mental scientist at Johns Hopkins Univer- 
sity in Baltimore, Maryland. The measures 
are gaining traction: KBD incidence is 


falling, as is the rate of dwarfism, the dis- 
ease’s most-severe manifestation. 

Earlier this year, China launched a 5-year, 
$240 million initiative that aims to stamp out 
the disease altogether. The State Council—led 
program will first fine-tune intervention and 
treatment strategies in a pilot area—an ethnic 
Tibetan enclave in Sichuan Province—before 
expanding them to other regions. Some 
researchers say victory is near: Liu Yunqi, a 
professor at Harbin Medical University’s 
Kashin-Beck Disease Institute in China, pre- 
dicts that by 2020, there will be no new KBD 
cases. “The disease will be totally under 
control,” he says. 


At the front line. Pediatrician Philippe Goyens of the Kashin-Beck 
Disease Foundation examines a girl in Tibet. 


Kashin-Beck disease may be fading, but 
the riddle of its origin is as potent as ever. 
Researchers have made strides in unraveling 
how KBD warps skeletal growth, and the 
hunt is on for genes that confer susceptibility 
or resistance. Figuring out the ailment’s 
cause could offer insights into cartilage 
metabolism and common degenerative mal- 
adies of the Western world, such as 
osteoarthritis. “Understanding this disease 
will have global significance,” says Virginia 
Kraus, a rheumatologist at Duke University 
in Durham, North Carolina. 

But KBD is no easy target. “Researchers 
have been grappling with this disease for a 
long, long time,” says Bruce Caterson, a 
connective-tissue biologist at Cardiff Uni- 
versity, U.K. “The harder we look, the more 
frustrating it gets.” 


Molecular carnage 

The first inklings of an endemic blight came 
in a report in 1849 by a Russian surveyor 
who noted that people in villages along the 
Urov River, east of Siberia’s Lake Baikal, 
suffered bone deformities. A few years later, 
Nikolai Kashin, a doctor with a Cossack mil- 
itary detachment in Russia’s Far East, 
described Urov disease and sketched crip- 
pled patients. A second Cossack doctor, 
Evgeny Beck, documented cases in a 1906 
monograph Osteoarthritis Deformans 
Endemica. The disease later came to light in 
what is now northern North Korea—where it 
had long been known as tojiru—and in 
China, where it’s called da gu ji bing, 
or “big joint disease.” 

KBD afflicts at least 1 million peo- 
ple in 14 provinces, according to the 
Chinese Center for Disease Control 
and Prevention’s surveillance of sen- 
tinel sites. Other estimates put the 
affected population in China and 
neighboring parts of Russia and North 
Korea as high as 2.5 million. Preva- 
lence peaked in the late 1950s, when in 
many severely hit villages 60% to 90% 
of children showed signs of KBD, says 
Liu. Now, he says, the incidence is 
about 5%. In comparison, some 60% 
of adults over age 65 have symptoms 
of osteoarthritis. 

The clinical picture is in sharp 
focus. “The disease severely erodes 
health,” says Xiong Yongmin, vice director 
of the Institute of Endemic Diseases at Xi’an 
Jiaotong University (XJTU). Initial signs 
include cracking or popping sounds in the 
finger joints indicating loss of cartilage, and 
ankle and knee stiffness and pain. As KBD 
progresses, joints deform, muscles wither, 
and mobility decreases. (Inexplicably, carti- 
lage padding the spine is not affected.) Many 
patients are unusually short, have stubby 
fingers and a waddling gait, and suffer 
chronic fatigue and weakness. The younger 
a victim is at onset, the worse the symptoms 
tend to become. 

Scientists are beginning to unravel the dam- 
age that KBD unleashes at a molecular level. It 
begins at the epiphyseal growth plate: the 
nexus of growing bone and cartilage. Cartilage 
is a simple tissue—it has a single cell type, 
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chondrocytes—but it takes a biochemical 
balancing act to maintain it. Chondrocytes 
produce proteoglycans, which pull water into a 
collagen mesh. That gives cartilage its elastic- 
ity and resilience to the pounding meted out to 
our joints. Aggrecan, the major proteoglycan in 
cartilage, binds to a link protein and hyaluronic 
acid, which in turn is anchored to chondrocytes 
by the protein CD44. A healthy body is con- 
stantly swapping in new aggrecan for old but is 
much less adept at replacing collagen. 

In KBD patients—as well as in the tens of 
millions of people with osteoarthritis and 
rheumatoid arthritis—replacement of aggre- 
can and collagen lost to disease is inadequate, 
and joints degrade. The cartilage matrix col- 
lapses, and pressure piles up on the chondro- 
cytes. Cartilage begins to buckle under daily 
wear and tear. “In osteoarthritis, this triggers 
repair responses that go awry and tends to 
chew up the joints. We suspect the same 
occurs in KBD,” says Caterson. 

Although osteoarthritis is a disease of 
aging, in KBD the mechan- 
ical breakdown of cartilage 
often starts early, in chil- 
dren as young as 2 or 3. As 
victims grow, “their joints 


just go in all directions,” a 
says Caterson. Other KBD cartilage 
abnormalities include dis- 

turbed CD44 metabolism 

and elevated interleukin-18 

and tumor necrosis factor-0, Joint 
associated with inflamma- Cartilage 


tion. It’s unclear whether 
these anomalies contribute 
to or are a consequence of 
cartilage erosion. 
Unmasking the chon- 
drocyte killer is critical to 
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solving the KBD puzzle. As with Viliuisk 
encephalomyelitis, another disease that 
emerged in Siberia and continues to con- 
found experts (Science, 26 April 2002, 
p. 642), the culprit appears to be lurking in 
the environment. “There are many theories,” 
says Feng Qinghua, SEDC’s provincial dis- 
ease director. 


Gallery of rogues 

In 1992, Francoise Mathieu, a physical ther- 
apy specialist, was working for Médecins 
Sans Frontiéres (MSF) in the Philippines 
when colleagues at the nonprofit’s newly 
opened office in Lhasa, Tibet’s capital, 
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Misery in the joints. In Kashin-Beck victims, damage begins at the epiphyseal growth plate 
and progresses to joint surface articular cartilage. As the disease progresses, the body fails to 
adequately swap in new aggrecan for old, the collagen mesh frays and fibrils break, and collagen 
degrades. Chondrocytes die and lose their nuclei, persisting as ghost cells before the dead tissue 
is replaced by scar tissue. Surviving chondrocytes cannot meet demand for molecules to repair 
cartilage battered by daily wear and tear. 
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Hallmark symptoms. Like many KBD 
patients, Ma Ming-an has severely 
deformed joints. 


encountered dozens of people in two 

counties in Lhasa Prefecture with a 

severe form of osteoarthritis. “They were 

wondering what kind of disease it is. They 
had never seen anything like it before,” 
Mathieu says. That spring, after MSF physi- 
cians understood they were dealing with 
KBD, they invited Mathieu to Lhasa for a 
6-week stint to explore whether physical 
therapy would ease symptoms. She has since 
devoted her career to KBD. 

Early on, Mathieu and her colleagues 
were struck by how KBD was rife in certain 
valleys in Tibet, especially east of Lhasa, and 
rare or absent elsewhere. Peasants are vulner- 
able, they found, but urban populations and 
nomads are spared. 

In the hunt for environmental clues, one 
startling peculiarity stood out early on. If 
you overlay a map of KBD 
incidence on a map of soil 
poor in selenium (a trace 
element) in China, the cor- 
respondence is striking. 
Nowhere in the world are 
selenium levels as low as 
in a swath of land that 
arcs from Tibet in the 
southwest to Heilongjiang 
Province in the northeast 
(see map, p. 1380). In this 
region’s population, the 
mean serum selenium con- 
centration is roughly 20 
nanograms per milliliter— 
one-tenth the U.S. level. 
KBD occurs almost exclu- 
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sively in this selenitum-poor belt. A 1991 study 
by researchers at the Shanghai Institute of 
Metallurgy found that people in KBD- 
endemic areas in Shaanxi ingested 4.6 micro- 
grams of selenium per day on average. Since 
then, selenium intakes have increased, XJTU 
researchers say, but are still far below the U.S. 
recommended daily intake of 70 mg. 
Selenium is a compelling suspect. The 
element is a compo- 
nent of a couple of 
dozen human pro- 
teins, including a key 
enzyme—glutathione 
peroxidase—that 
defends the body 
against oxygen-free 
radicals, molecular _ 
wrecking crews that & 
corrode anything in & 
their path. Adequate 3 
dietary selenium may = 
help ward off cancers 
and diseases of aging 
presumed to arise 


collaborates with XJTU’s Cao Junling and 
has visited KBD hot spots four times since 
2002. “It’s an unhealthy environment,” he 
says. Geography may be a factor: The KBD 
belt is a climatic crucible in which cold, dry 
continental air mixes with humid air from 
the Pacific Ocean. 

In the 1960s, Russian scientists linked 
KBD to consumption of cereals tainted with 


Cause or coincidence? Most KBD cases (dots represent incidence in representative villages) occur in 
a swath of China with extremely low selenium levels, depicted on map in lighter blue. KBD incidence 
in endemic regions, according to cases confirmed by x-ray diagnosis, has declined steadily since 2000. 


from accumulated 
free-radical damage. 
That appears to be true 
for osteoarthritis: In 2007, a team led by 
rheumatologist Joanne Jordan of the Univer- 
sity of North Carolina (UNC), Chapel Hill, 
reported that low selenium levels increased 
the odds of severe knee and hip osteoarthritis 
in U.S. women. And animal disease suggests a 
link to KBD, Caterson says: Epiphyseal-plate 
malformations occur in sheep in selenium- 
poor parts of New Zealand. 

But selenium deficiency alone does not 
explain KBD, researchers say. Although many 
villages in selentum-poor areas have high KBD 
rates, nearby villages are often disease-free. In 
surveys in Tibet in the mid-1990s, Mathieu’s 
team found that children with or without KBD 
have equally low selenium levels. They also 
observed many children with goiter: KBD vil- 
lages have high rates of hypothyroidism. Many 
of China’s selenium-deficient areas, it turns 
out, are also iodine-poor. 

In Tibet, says Mathieu, KBD is more 
strongly correlated with iodine deficiency 
than selenium deficiency. Acute iodine depri- 
vation harms thyroid function. Because severe 
hypothyroidism in children impairs the epi- 
physeal plate and stunts growth, it can mas- 
querade as KBD. Yet in most other KBD- 
endemic areas in China, iodized salt is widely 
available and hypothyroidism is rare. 

Another bane of Kashin-Beck country is 
fungi. In some Shaanxi villages, for exam- 
ple, people have lived for centuries in moldy 
underground dwellings, says Caterson, who 
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Fusarium, a common fungal genus. Through- 
out KBD-endemic areas of China, researchers 
have detected extensive fungal contamination 
of grains and bread by genera such as Fusar- 
ium, Trichothecium, and Alternaria. These 
may affect two Tibetan staples: tsampa— 
roasted barley dough balls—and chang— 
fermented barley beer. “In preliminary studies, 
we saw a very strong correlation between fungi 

in the barley and KBD,” says Mathieu. 
Mycotoxins produced by Fusarium and 
its brethren are especially nasty. Scientists 
7 have zeroed in on 
0 nN | | a e three trichothecenes: 
. nivalenol, buteno- 
sclentened.o lide, and T-2 toxin. 
Podcast interview — Caterson’s lab has 

with author : 
Richard Stone. found that nivalenol 
inhibits proteoglycan 
synthesis in cultured chondrocytes. Similarly, 
butenolide damages chondrocytes and engi- 
neered cartilage, Cao and colleagues reported 

in the February issue of Toxicology in Vitro. 

T-2, the most abundant mycotoxin in 
KBD-endemic areas, may be the worst of the 
lot. In cell culture, T-2 triggers apoptosis of 
chondrocytes, revs up synthesis of an enzyme 
that degrades aggrecan, and inhibits CD44 
production. Guinea pigs fed T-2 develop carti- 
lage damage similar to that seen in KBD 
patients. There may even be a connection 
between mycotoxins and selenium. In cell cul- 
ture, selenium blocks T-2-induced chondro- 


cyte apoptosis, a team led by XJTU’s Wang 
Zhilun reported in 2006 in Food and Chemi- 
cal Toxicology. 
But like selenium or iodine deficiency, fun- 
gal toxins fall tantalizing short of solving the 
riddle: Many villages that consume mycotoxin- 
tainted grain do not have elevated KBD risk. 
“That’s the thing with this disease,” says Cater- 
son. “The jigsaw puzzle seems to fall into 
place, then something 
mixes up the pieces.” 
Another suspect 
lurks in the drinking 
water. In many KBD- 
Ge ‘ : 
i Harbin endemic villages, 
Ne springs, streams, and 
) wells are chock-full of 
organic matter. As the 
material decomposes, 
it releases humic acid 
and fulvic acid. Math- 
ieu and colleagues 
have found that fami- 
lies with at least one 
KBD-afflicted mem- 
ber are more likely to 
store drinking water 
in small containers, 
which may not allow organic matter to easily 
settle. Fulvic acid, in cell culture, inhibits col- 
lagen formation, blocks selenium uptake, and 
triggers chondrocytes to make the corrosive 
compound hydrogen peroxide. Rats fed a 
selenium-poor diet laced with fulvic acid 
have impaired bone and collagen formation. 
In a stab at a grand unified KBD theory, 
Chinese researchers, as well as Mathieu and her 
colleagues in a 2008 monograph Big Bone Dis- 
ease, suggest that free radicals generated by 
mycotoxins and fulvic acid damage chondro- 
cytes in people with an impaired antioxidant 
defense due to trace-element deficiencies or 
malnourishment. But to many experts, things 
still don’t add up. If unquenched free radicals 
were the sole culprit, smokers should be at 
higher KBD risk—but they aren’t as far anyone 
knows, and the disease often strikes children, 
says Duke’s Kraus. “There could be an 
unknown environmental factor,” adds Feng. 
One dark horse is a virus. In 2004, Li 
Guang-Sheng and colleagues at Jilin Univer- 
sity in Changchun, China, isolated Coxsackie 
B3 virus from the hearts of victims of Keshan 
disease, a rare heart malady that occurs in the 
same region as KBD. Coxsackie B3 is known 
to destroy heart tissue. And XJTU’s Wang 
Zhilun and Bi Huayin have detected human 
parvovirus B19 in patients in Shaanxi. A com- 
mon scourge, B19 triggers periodic outbreaks 
of so-called fifth disease in schools and nurs- 
eries. In adults, the virus can cause arthritis- 
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like symptoms in the hands, wrists, and knees. 
It’s unclear how widespread B19 infections 
are among KBD patients in Shaanxi, let alone 
other endemic areas, says XJTU’s Xiong. 

Undercutting a connection, B19’s mild 
symptoms usually clear up quickly. But sele- 
nium deficiency might be a cofactor: 
Influenza and Coxsackie virus are more viru- 
lent in animals fed a selenium-depleted diet, 
Melinda Beck and her colleagues at UNC 
Chapel Hill have found. “The same virus 
might result in a quite different clinical picture 
according to the nutritional environment,” 
says Jean Vanderpas, a doctor at the Scientific 
Institute of Public Health in Brussels who has 
studied KBD. 

In addition to searching for suspects in the 
environment, researchers are pursuing new 
genetic leads that might explain why some 
populations are particularly vulnerable. 
Cases cluster in families, which could be due 
to environmental or genetic factors. An obvi- 
ous place to hunt for variants is among the two 
dozen known human proteins bearing sele- 
nium, including glutathione peroxidase and 
selenoprotein P, which governs selenium 
metabolism. To test whether there are gene 
variants that confer susceptibility or resistance 
to KBD, Caterson and colleagues in 2007 col- 
lected spit samples and toenail clippings from 
KBD patients in Shaanxi. It took a year to 
satisfy Chinese officials that exporting the 
samples would not compromise personal 
information of Chinese citizens. The samples 
are now in North Carolina, where Jordan’s 
team is analyzing toenail clippings for 
selenium and other trace elements and Kraus’s 
group is scanning DNA from spit for variants 
in selenium-related genes. 

One promising candidate is D/O2, a gene 
encoding a selenoprotein that converts thy- 
roxine to its active form. Last year, Ingrid 
Meulenbelt and colleagues at Leiden Univer- 
sity Medical Center in the Netherlands iden- 
tified a D/JO2 variant that increases 
osteoarthritis risk. KBD, says Kraus, “may 
very well result from an interaction between 
genes and the environment.” 

Pinpointing KBD-related genes would 
enable vulnerable populations to be screened. 
“Then we'd know if the disease is all due to a 
lack of selenium or iodine or if other agents 
are involved,” says Kraus. 


A final push 

With so many targets to shoot at, KBD inter- 
ventions, not surprisingly, have been hit or 
miss. A decade ago, Mathieu’s team gave 
iodized oil to one group of children with the 
disease, iodine followed by sodium selenate 
tablets to a second group, and placebos to a 
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third. Correcting iodine deficiency markedly 
improved symptoms. “Young patients respond 
well,’ Mathieu says. But the selenium offered 
no apparent additional health benefit, the 
researchers reported in The New England 
Journal of Medicine in 2003. “We urgently 
need to clarify selenium’s role. High doses are 
extremely toxic,” says Kraus. 

Recent studies reveal an even more com- 
plex nutritional picture, says Mathieu, who 
cofounded the Kashin-Beck Disease Founda- 
tion to carry on work in Tibet after MSF pulled 
out in late 2002. Her team has documented not 
only iodine and selenium deficits but also low 
levels of calcium and vitamins A, D, and E. 
The biggest clinical improvement, they have 
found, happens when children with KBD con- 
sume a more diverse diet including nettles, a 
traditional food full of vitamins that is largely 
eschewed by younger Tibetans. To test 
whether several deficiencies conspire to give 
rise to KBD, Mathieu’s group just finished a 
3-year trial in which 1064 children ages 3 to 


Searching for answers. Francoise Mathieu analyzes 
grains in Gansu (top); a Tibetan boy with severe KBD. 
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10 were given iodine and selenium and either 
a cocktail of micronutrients—copper, man- 
ganese, zinc, and vitamins A, C, and E—or a 
placebo. Results are expected later this year. 

Experience shows that a strategy that 
reduces KBD in one village can flop in the 
next. “There is no single method of primary 
prevention,” says Xiong. In Shaanxi last year, 
5.47 million people—nearly 15% of the 
population—teceived selenium supplements. 
Another 672,000 were given uncontami- 
nated wheat. Some interventions may not 
be feasible, notes Vanderpas. “It seems 
almost impossible, operationally, to change 
fulvic acid in drinking water or decrease 
mycotoxins in cereals at the population 
level,” he says. 

When all else fails, authorities in five KBD 
hot spots—Gansu, Qinghai, Shaanxi, 
Sichuan, and Tibet—have ordered reloca- 
tions. Former settlements are converted to 
farmland or rangeland for livestock. Some 
Chinese scientists are ambivalent about this 
approach. “We don’t support relocation 
because it costs a lot of money, but we don’t 
object to it either,” says Liu. Relocation is a 
hardship for many, adds SEDC’s Bai. “The 
elderly especially are reluctant to move,” he 
says. “Moving people is the last resort.” Or as 
Silbergeld suggests, “Perhaps the government 
needs to consider acting aggressively on food 
safety and improving diets rather than moving 
people around.” 

Although experts differ on the best 
approach to combating KBD, they concur 
that it is a disease of deprivation. Heading 
northeast from Shaanxi, China’s population is 
more affluent, on average, and KBD rates fall 
off sharply. Xi’an, a city of 3 million people, 
is in the heart of KBD territory, but the only 
cases doctors here see are people from the 
countryside, SEDC’s Yu says. KBD, Liu says, 
“only occurs in China’s rural areas.” 

With that in mind, China’s latest KBD ini- 
tiative, overseen by the State Council’s Lead- 
ing Group of Poverty Alleviation and Devel- 
opment, has an overarching aim of improving 
people’s lives. Measures will include provid- 
ing untainted grains and selenium supple- 
ments, improving drinking-water quality, and 
relocating people from hundreds of villages. 
A pilot scheme is being rolled out this year in 
Sichuan’s Aba Prefecture. 

China’s strategy may be controversial, but 
it is working. “There are fewer and fewer vic- 
tims,” says Bai. Most patients are now in their 
40s or older, he says. That may be a blessing 
for China but a curse for KBD sleuths: As the 
disease retreats, so does the likelihood of 
unlocking its secrets. 

—-RICHARD STONE 
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PROFILE: ARTUR CHILINGAROV 


Russias Polar Hero 


Artur Chilingarov has led researchers exploring the polar regions, the Arctic ocean 
floor, and the world’s deepest lake. But is he promoting science or his homeland? 


MOSCOW—Artur N. Chilingarov says he has a 
“dream,” and coming from a 69-year-old 
midranking Russian politician, it sounds at 
first like an improbable one. Chilingarov 
wants to dive to the bottom of the Mariana 
Trench, the deepest part of the world’s oceans 
at 10,911 meters, near the Pacific island of 
Guam. The site has been visited by people only 
once before, back in 1960 by divers from the 


U.S. Navy in the bathyscaphe 7rieste, and 
Chilingarov feels it’s time to go back—and that 
Russians should lead the way. 

“T’m discussing the possibilities with our 
shipbuilders,” he says. “It will be a manned 
craft. The Americans [at Woods Hole Oceano- 
graphic Institution] have constructed a robotic 
vehicle to dive there—but we want to descend 
ourselves.” Chilingarov raises an eyebrow and 


Flag-waving. After his 2007 dive to the Arctic Ocean 
floor, Artur Chilingarov shows off a picture of the 
Russian flag his team planted there. 


smirks. “We may even get out and have a walk 
around on the bottom.” 

Don’t bet against him. Although Chilin- 
garov has made a steady political ascent to 
become deputy chair of the Duma, Russia’s 
lower house of parliament, and a leading 
member of the pro-presidential United Russia 
party, the diminutive man with the unruly 
seaman’s beard is at heart an explorer and 
scientist—one with the political and busi- 
ness connections within Russia to raise 
money for costly expeditions. He has trav- 
eled on atomic icebreakers and helicopters to 
the polar regions, led research teams adrift 
on ice, and already reached another ocean 
floor, the Arctic’s, 2 years ago. In doing the 
latter, Chilingarov confirmed his status as a 
Russian hero, literally, and set off an inter- 
national furor that still echoes today. 

Little known outside his homeland at the 
time, Chilingarov shot to fame in August 2007 
when he led a team that descended in two min- 
isubmarines to the ocean floor under the 
North Pole, planting a titanium Russian flag 
on the seabed. Overnight, the oceanogra- 
pher—Chilingarov has a Ph.D. in geographi- 
cal sciences—was transformed into Russian’s 
public mouthpiece on the Arctic. Vladimir 
Putin, then president, awarded him the Hero 
of Russia medal—to add to the Hero of the 
Soviet Union gong he earned for organizing 
the rescue of a ship stuck in polar ice in the 


DIVING INTO THE SACRED SEA 


At 25 million years old, 640 kilo- 
meters long, and with at least 1600 
endemic species of flora and fauna, 
Lake Baikal is the largest, deepest, 
most ancient, and most biologically 
diverse freshwater lake on Earth. Set 
in the heart of Siberia, the crescent- 
shaped lake, which curls toward 
Russia's border with Mongolia, is 
often called “the Sacred Sea.” 

Yet although the Kremlin has 
long professed interest in preserv- 
ing Baikal, a pulp and paper mill 
was allowed to spew harmful diox- 
ins into the lake for decades, until 
it closed last year. Environmental 
campaigners chalked it up as a vic- 
tory; they had forced the factory to 
go to a closed water-production 
cycle, which cut contamination and 


ended the making of profitable 
chlorine-bleached pulp. Long-term 
effects of the jettisoned waste, 
however, remain unknown. 
Another threat—detailed by a 
group of American and Russian sci- 
entists last month in the journal 
BioScience—is the effect of cli- 
mate change on Baikal. The lake’s 
warming water—temperatures 
increased by 1.21°C between 1946 
and 2008—have caused a longer 
ice-free season, which hinders the 
growth of algae that bloom under 
the ice in spring, the principal 
source of food for crustaceans, 
themselves eaten by fish. Added to 
these questions is the unknown 
influence of tons of crude oil that 
naturally seep into the lake every 


year from fissures in the bedrock. 
Prompted by such potential 
menaces to the lake, scientists 
from the Russian Academy of Sci- 
ences (RAS) last year began a pro- 
gram of research using two deep- 
water Mir minisubmarines to make 
physicochemical analyses, obtain 
geological and biological speci- 
mens, and monitor tectonic 
processes on the lakebed. They 
also want to examine gas and oil 
seeps and the mud volcanoes dis- 
covered on the lake floor in 1999, 
which produce gas hydrates, a 
methane-containing form of ice 
created at great depths and nor- 
mally found in oceans, not lakes. 
Marc De Batist of the Renard 
Centre of Marine Geology at Ghent 
University in Belgium, who has 
traveled to Baikal for 15 years and 
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was one of two foreigners to dive 
in the Mirs last year, says the expe- 
dition was first conceived as a 
“prestige project” focused on set- 
ting depth records but developed 
into a serious scientific research 
trip when limnologists, geogra- 
phers, and biologists from heavy- 
weight institutions signed up. 
Russian scientists say it is the most 
extensive study of the lake since 
they dove in Canadian Pisces sub- 
mersibles in 1990 and 1991. 

The Mirs team carried out 52 
deep-water dives in 2008 and, 
starting next week, plan another 
100 submersions this summer. 

Last year, diving in the lake's 
Barguzinsky Bay, researchers were 
able to take samples from outcrops 
of bitumen on the bottom, where oil 
leaks into the water at a depth of 
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1980s—and Chilingarov made strident 
speeches about Moscow’s rights to the region. 
“The Arctic is ours and we should demon- 
strate our presence,” he declared. 

Abroad, Chilingarov’s flag-waving was 
widely interpreted as a blunt attempt by the 
Kremlin to assert ownership over the vast 
hydrocarbon reserves in what 
Russians call “the high lati- 
tudes.” Today, wearing a sharp 
dark suit rather than the sub- 
mersible jumpsuit or fur- 
collared parka he’s often pic- 
tured wearing, Chilingarov 


“[Chilingarov] has 
dedicated his whole 
life to polar research, 
so when he defends 


Similar disparagements were heard last 
year when Chilingarov headed a scientific 
expedition conducting dozens of submersible 
dives in Siberia’s Lake Baikal (see sidebar). 
The effort, which resumes next week with new 
dives, has garnered more publicity for the 
subs’ attempts to set dive-depth records than 
for any new data—even though 
no records have been set so far. 

Yet that blemish has done 
little to shake Russia’s love 
for its favorite explorer—and 
his bullish, sometimes near- 
jingoistic tone. “Artur Niko- 


rejects that accusation and Russia's interests layevich gets accused in the 
argues that his North Pole dive; A 5 West of being a nationalist, 
stimulated other countries to m the ENG, he is but he is a patriot, which is 
study the polar region. “I’m doing nothing less something very different,” 
very pleased that we've jogged than defending his says Vladimir Gruzdev, the 


them onto new research—they 
ought to be grateful to me for 
that!” he says. Chilingarov, 
Russia’s representative for the 
International Polar Year (IPY) 
research effort that ran from 2007-08, also 
points out that his Arctic dive contributed to 
growing calls in the United States to ratify the 
UN. Convention on the Law of the Sea. 

Criticism of Chilingarov inside Russia is 
muffled but tends to focus on suggestions 
that his more recent achievements are stunts, 
with few concrete scientific results. “They 
are impressive sporting expeditions more 
than anything else,” says German Burkov, 
head of the polar countries’ department of 
the Russian Geographical Society. 


850 meters. “These sources have 
been known about since the 18th 
century, but before us no one had 


own home.” 


—VLADIMIR GRUZDEV, 
DUMA MEMBER 


inhibited their development.” 
De Batist agrees that the 
chance to descend in one of the 


Duma member and joint 
owner of a supermarket chain 
who part-funded the North 
Pole dive. “He has dedicated 
his whole life to polar 
research, so when he defends Russia’s inter- 
ests in the Arctic, he is doing nothing less 
than defending his own home.” 


On, and below, the ice 

Born in 1939 in Leningrad, Chilingarov 
graduated from a naval academy in 1969 
with a major in oceanography and was 
immediately dispatched to a research station 
in the Arctic port of Tiksi. He then worked 
his way through the 
ranks, heading two 
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ice-floe-drifting stations in the Arctic. These 
staffed outposts, which shelter a small band 
of researchers dropped on free ice to conduct 
studies for months at a time, have been a sta- 
ple of Soviet, and now Russian, Arctic sci- 
ence since 1937. 

Afterward, Chilingarov took on increas- 
ingly responsible state posts connected to 
hydrometeorology and the polar regions. Since 
1985, when he led a successful mission to save 
the ice-surrounded research ship Mikhail 
Somov in the Antarctic, Chilingarov’s career 
has been marked by high-profile polar trips 
in aircraft and ships, with the flag-planting 
submersible dive being his crowning glory. 
Last year, he was named Russia’s presidential 
envoy for international cooperation in the 
Arctic and Antarctic. So does Chilingarov 
the diplomat now regret the tone of his pro- 
nouncements after the North Pole dive? 

“Look,” he says, his sonorous voice filling 
an office dotted with reminders of his explo- 
rations: a waist-high wooden carving of a 
penguin, large photographs of polar bears, a 
huge pair of insulated boots, “It was not only 
my dream but that of polar researchers of 
many countries—for many years they 
dreamed of reaching the Poles. Before, it 
was all on ice. And all of them, of course, 
went there with the flags of their country. 
Amundsen, Scott, Peary, the Bolsheviks, the 
Russian explorers of later years—all these 
expeditions carried the flag of their mother- 
land. We took our flag to the bottom of the 


seen how the oil is released drop by 
drop into the water,” says expedi- 
tion member Tamara Zemskaya, a 
microbiologist from the Limnologi- 
cal Institute in Irkutsk, near Baikal. 
“Only thanks to the Mirs were we 
able to study the process at first- 
hand and take targeted samples.” 
The probes have already 
yielded intriguing new data. “We 
were amazed by the abundance of 
fauna on and in these bitumen for- 
mations—it was much higher than 
the background level in the lake,” 
Zemskaya explains. “We were also 
surprised that in sediment soaked 
with oil, there were benthic organ- 
isms that were actively moving about, 
and it appeared that the oil had not 


Mirs was “exciting” and “unique.” 
“My dive was directed towards one 
of the mud volcanoes we discov- 
ered in 1999,” he says. “We man- 
aged to find it on the lake floor and 
to sample the mud, observe cracks 
and faults, and make some temper- 
ature measurements.” 

As for the future, Robert 
Nigmatulin, director of RAS’s 
P. P. Shirshov Institute of Oceanol- 
ogy and one of the scientists who 
dove into Baikal last year, believes 
there are encouraging signs that 
the lake has protected itself from 
the mill and other threats using 
its own living decontamination 
system. “Baikal is not just H,0; 
it’s a kind of bouillon where there 
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are many living organisms at all 
layers of depth,” he says. “Thanks 
to these plankton, the composi- 
tion of the water has remained 
stable because they constantly fil- 
ter and purify it.” 

Artur Chilingarov, the oceanog- 
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Going down. This Mirsub 
and another one are 
diving into Lake Baikal 
for records and data. 


rapher and explorer who leads the 
expedition, stresses that the empha- 
sis of research must be on preserv- 
ing the lake for future generations. 
“We must increase our knowledge 
of Baikal in order to save its unique 
ecosystem,” he says. -T.P. 
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Arctic Ocean under the Pole.” He picks up a 
15-cm model of the Russian tricolor and 
plants it in the middle of his desk. ““What’s the 
difference?” 

The difference may be that it is precisely the 
ocean bed that is now the Arctic’s greatest prize. 
According to the latest estimates from the U.S. 
Geological Survey, about 13% of the world’s 
undiscovered oil and 30% of the world’s undis- 
covered gas may be found north of the Arctic 
Circle, with the latter being largely concen- 
trated in offshore zones near Russia (Science, 
29 May, p. 1175). The speed of the polar ice 
melt and the advance of drilling technology 
have raised the possibility that these vast natu- 
ral resources will become increasingly 
exploitable just as onshore hydrocarbon 
reserves begin to dwindle. In a scramble to cash 
in on the Arctic’s riches, Russia, the United 
States, Canada, Norway, and 
Denmark (via Greenland) are now 
lobbying U.N. bodies to decide 
who has jurisdiction over the 
region, each providing geographic 
evidence. According to interna- 
tional law, the five countries with 
an Arctic coastline have exploita- 
tion rights over a 320-km zone 
extending north of their borders, 
but the Kremlin is claiming a 
much bigger territory on the con- 
troversial theory that the underwa- 
ter Lomonosov Ridge running 
toward the North Pole is connected 
to Russia’s continental shelf, mak- 
ing it by law a “natural prolongation” of Russ- 
ian land (Science, 16 March 2007, p. 1525). 

During Chilingarov’s North Pole dive in 
2007, the minisubmarines Mir / and Mir 2 
collected samples from the seabed, which the 
explorer suggested could strengthen Russia’s 
claim. Putin fanned the flames by telling 
Chilingarov shortly after the dive that “we 
need the results of your expedition to act as the 
basis of Russia’s position” on shelf limits. 

That suggestion brought scorn from 
some quarters in Russia, with one polar 
expert saying “you can’t determine anything 
with a single bucket of mud from the Pole.” 
Only a complex program of seismic and 
geological tests could come anywhere close 
to proving the Lomonosov theory, the critics 
pointed out. Russia has been preparing a 
new claim for review by the United Nations; 
Valery Kaminsky, director of VNII Okean- 
geologiya, the oceanography institute in 
St. Petersburg, which is coordinating the 
work, stressed last year that the task had 
been going on for years. Scientists on the 
research ship that transported Chilingarov’s 
minisubs to the Pole in 2007 contributed to 


it, he said. But Kaminsky indicated that 
Chilingarov’s efforts had been of little 
importance, remarking with indifference 
that “the fate of the samples raised from the 
bottom of the Arctic Ocean [by the Mir sub- 
mersibles] is unknown to us.” 

Perhaps stung by such criticism, Chilin- 
garov now claims there was no intention to 
use seabed samples from his expedition to 
shore up Russia’s claim to the Arctic. “The 
two things were not related,” he says. “Who- 
ever says they were is mixing up their fantasy 
with reality.” He adds: “It was just politicians 
who talked that up. In principle, it [the dive] 
was a geographical first, an outstanding one; 
... we were the first people on Earth to see 
the floor of the Arctic Ocean, at a depth of 
4300 meters, and to move along it. That’s 
how it should be presented.” 


Polar presence. Chilingarov 
has made many visits to the 
polar regions, such as this 
one to an Antarctic 

research station. 


Political scientist 

Chilingarov has close ties with members of 
the powerful military-security clique of senior 
officials, such as Putin, now prime minister, 
and the head of the Security Council, Nikolai 
Patrushey, yet his political influence may go 
only so far. “Chilingarov is an imposing char- 
acter with a striking background,” says Alexei 
Makarkin, an analyst with the Moscow think 
tank Center for Political Technologies. “But in 
terms of geopolitics and Russia’s strategy on 
the Arctic, I don’t think he takes major deci- 
sions. He is seen more in the Kremlin as a reli- 
able status figure with good patriotic creden- 
tials whose expeditions help confirm Russia’s 
status as a great power.” 

As for scientific credibility, Jan-Gunnar 
Winther, director of the Norwegian Polar 
Institute in Tromso, Norway, agrees with 
Burkov that many of Chilingarov’s trips to 
polar regions are “spectacular expedition 
events” or simply “visits.” “For the last 
decade of his life, or maybe the last 2 decades, 
he has been a polar expert on the strategic and 
political level and not as a hands-on scientist, 
that’s quite clear,’ says Winther. 


Some see the ongoing Lake Baikal effort as 
another example, so far, of style over scientific 
substance. Chilingarov proudly participated in 
the early media-covered dives last summer, 
although that publicity backfired somewhat 
when members of the team had to backtrack 
from their initial claims that the submersibles 
had reached a record depth in the world’s 
deepest lake; the subs actually reached only 
1580 meters, short of the 1637 meters 
achieved by a previous Russian sub in 1990. 

Nonetheless, Winther argues that Chilin- 
garov has played a key role in securing fund- 
ing for the scientific community, particularly 
for those working in the often-neglected polar 
regions: “He has been a very important 
player who has ensured good financial sup- 
port for Russian scientists who are doing the 
data-collecting that is needed for the conti- 
nental shelf commission—and 
other science” such as for the IPY. 
Colleagues say he also attracted 
vital funding for the Baikal dives. 

On the Arctic, Chilingarov 
seems to have softened his rhetoric 
as he points out the Lomonosov 
Ridge on a large globe. “Every- 
thing must be done in accordance 
with international law,” he says, 
admitting it could be up to 4 years 
before Russian experts collect 
enough data to prove a connection 
between the ridge and the country’s 
continental shelf. (He had earlier 
predicted a new submission to the 
UN. would be made by this year.) 

Still, Chilingarov’s pride in Russia’s Arctic 
presence remains strong. “Today, the North 
Pole-36 drifting station is Russian!” He enun- 
ciates the syllables in Russian for emphasis, 
“Ro-ssi-ska-ya!” He continues, “Our team 
spends the winter on the ice right next to the 
Pole. No one else is there.” 

And there’s no denying that those outside 
Russia hear that booming voice. Mead 
Treadwell, chair of the U.S. Arctic Research 
Commission, confirms that Chilingarov’s 
Arctic expedition in 2007 did prompt 
thoughts that “we needed to be doing a much 
stronger mapping effort ourselves” so as not 
to miss out on the Arctic “Cold Rush.” 

“As someone who advocates for American 
science, I was quite grateful that the world had 
this reaction because then people [in the 
United States] said, ‘Well we have a geostrate- 
gic interest in following through ourselves.’ 
And when I met Dr. Chilingarov at an Explor- 
ers’ Club dinner last year, I did say thank you 
for giving us that stimulus.” 

-TOM PARFITT 
Tom Parfitt is a freelance writer based in Moscow. 
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EVOLUTION 


Authors Scramble to Make Textbooks 
Conform to Texas Science Standards 


The Texas market is so large that publishers must pay heed to new guidelines on what 


students should learn 


Kenneth Miller, a Brown University biolo- 
gist and author of a popular high school 
textbook, has spent years battling advocates 
of intelligent design (ID) and their argu- 
ment that students need to be taught the 
“strengths and weaknesses” of evolution. 
So it was more than a little embarrassing 
when defense lawyers for the Dover, Penn- 
sylvania, school board, on trial in 2005 for 
its policy to accommodate ID in biology 
classes, asked Miller, a prosecution witness, 
why he had used the same phrase in the 
2004 edition of his textbook. 

He had done so, 
Miller explained, so 
that his textbook 
could be used in 
classrooms through- 
out Texas, the sec- 
ond largest market in 
the United States. 
(Texas standards 
also shape what’s 
sold nationally, as 
publishers often use 
the same version in 
other states.) The 
“weaknesses” were 
nothing more than 
unresolved questions 
about evolution, Miller 
insists. “We wanted to 
show, without compro- 
mising scientific integrity, that we had met 
the literal standard requiring strengths and 
weaknesses,” he says. 

In March, the Texas school board 
approved new science standards that omit the 
“strengths and weaknesses” line (Science, 
3 April, p. 25). But many scientists view 
the new version as more insidious than the 
previous one. Among other things, it 
requires that students have the chance to 
“analyze and evaluate scientific explana- 
tions concerning the complexity of the 
cell.” The language is seen as an opening 
for ID proponents to argue that such “irre- 
ducible complexity” points to an external 
organizing force. 

Those standards pose a new challenge 
for Miller and other textbook authors as 
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Strengths and weaknesses. Biology textbook author Kenneth Miller (inset) 
chose that phrase, often used by critics of evolution, to satisfy Texas science standards. 


the board prepares for a new round of 
textbook adoption in 2011. Eugenie Scott 
of the National Center for Science Educa- 
tion in Oakland, California sees Miller’s 
earlier revision as a failed “attempt to be 
clever.” And she’s worried that history 
might repeat itself. 

“When you put ‘weaknesses’ and ‘evolu- 
tion’ in the same line, you reinforce doubts 
that creationists are trying to sow,” says 
Scott, whose organization monitors the 
issue as it plays out in state and local dis- 
tricts. In fact, Scott was so incensed by the 
revelation at the Dover trial that she con- 
fronted Miller after he testified. “What 


imei 


Strengths and Weaknesses 


hypotheses. Today, evolutionary theory offers vit 


biological and biomedical sciences—from infectious 


about . ¥ 
research to ecology. In fact, evolution is often called 
unifying theory of the life sciences.” 
Like any scientific theory, evolutionary theory contig 


change as new dala are gathered and new ways of thin 


questions 24 precisely how new species arise and why 
become extinct. There is also uncertainty about how li 


were you thinking?” she asked him. 
Miller’s answer, then and now, is not to 
get too excited. The new Texas standards 
leave plenty of room for authors to explain 
the robustness of evolutionary theory, he 
says, and that’s precisely what he and his 
publisher, Prentice Hall, plan to do. “The 
advocates of these standards underestimate 
the strength of the scientific evidence for 
structures and phenomena that they mistak- 
enly believe evolution cannot account for,” 
Miller says. “The new wording is an oppor- 
tunity to make biology texts even stronger.” 
For example, Miller intends to “intro- 
duce more material on the evolution of 
organelles” within the cell to show that the 
cell’s complexity is in fact explained by 
evolution. Likewise, he sees the standard 
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unites all organisms on Earth into a single tree of life 


As you will see shortly, researchers still debate such imi 
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requiring explanations of “sudden appear- 
ance, stasis, and sequential nature of groups 
in the fossil record”—although written with 
the intent to undermine evolution—as “an 
invitation to introduce students to punctu- 
ated equilibrium.” 

Steve Nowicki, a biologist at Duke Uni- 
versity in Durham, North Carolina, plans to 
take the same approach when he asks Texas 
to adopt his biology book, published by 
Holt McDougal. “I understand that there 
may be a political agenda behind the stan- 
dards, but I am taking them at face value,” 
he says. “Ifa state thinks students need 
more information to understand evolution, I 
am happy to provide that.” 

Don McLeroy had wanted the standards 
to require textbooks and other materials to 
offer an even more skeptical view of evolu- 
tion. But McLeroy, whom the state legisla- 
ture declined to reappoint as chair last 
month although he remains on the board, 
says he’s satisfied that requiring “more sci- 
entific evolutionary discussions” will serve 
students well. “The explanations offered [in 
the texts] will be so weak that 
students who are skeptical of 
evolution will see the weakness 
for themselves,” he says. 


liful and of Evolutionary Theory Scott believes that Miller’s 
re being Scientific advances in many fields of biology, along with yeoloyy : «. 7 
and physics, have confirmed and expanded most of Darwin's approach is a “wonder 


ful way to beef up 
content” while stick- 
ing to the letter of the 
standards. But she’s 
worried that McLeroy 
and others on the board 
who embrace ID may 
view phrases such as 
“complexity of the cell” 
as a victory, even if only 
cosmetic. “Sowing confu- 
sion is their goal,” she 
says. How far they will push on the actual 
content will depend on the composition of 
the publicly elected board in 2011, she says. 
“T’m just hoping publishers don’t get weak- 
kneed and give in.” 

Alton Biggs, a co-author of a popular 
biology textbook published by Glencoe, 
concedes that that may have happened in 
2003, when 12 lines about “divine creation” 
were included in a section of his book that 
describes various “beliefs and hypotheses” 
for the origin of life. But those words were 
dropped in the next edition. He says his 
team expects that the version to be submit- 
ted for adoption will “meet the Texas stan- 
dards as well as benchmarks and other stan- 
dards set by scientific societies.” 

-YUDHIJIT BHATTACHARJEE 
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U.S. HIGHER EDUCATION 


Minority Retention Rates in Science 
Are Sore Spot for Most Universities 


A few universities have demonstrated what it takes to help more minority students 
earn science degrees. But their efforts are only beginning to be widely replicated 


CATONSVILLE, MARYLAND—Yohance Allette 
didn’t panic when he hit a “rough stretch” of 
science courses last year as a sophomore at the 
University of Maryland, Baltimore County 
(UMBC) here. He knew that, as a Meyerhoff 
Scholar, he could lean on what he calls his 
“friends and family”—older students, faculty 
members, and university staff—to help him 
make it through organic chemistry, physics, 
and genetics. 

Having such a support group is a big reason 
why Allette, a biology major, and other Meyer- 
hoff scholarship students are twice as likely to 
earn a bachelor’s degree in a science field, and 
five times as likely to enroll in graduate study, 
as their peers who were accepted but chose not 
to enter the program. “It’s like being able to 
talk with your older brother or sister,” says 
Allette, whose parents are from the Caribbean. 

Begun in 1989, the Meyerhoff program has 
tried to address a glaring failure of U.S. higher 
education: the high attrition rates among 
minority students (predominantly African- 
Americans and Hispanics) who declare an 
interest in science, technology, engineering, 
and mathematics (Science, 31 March 2006, 
p. 1870). Although minority students entering 
U.S. colleges are just as interested as their 


Following the Leaders 


white peers in these STEM fields, they are only 
two-thirds as likely as whites to earn bachelor’s 
degrees in those fields within 6 years. (Asian 
Americans, who are not considered a minority 
in STEM fields, are more likely than whites to 
earn such degrees.) 

“Most institutions have the intent to 
improve retention rates; they simply don’t 


A team approach. John Matsui and students in the Biology Scholars 
Program at UC Berkeley. 


know how to do it,’ says mathematician Free- 
man Hrabowski, UMBC’s president. He’s also 
a standard-bearer for the program, backed by 
Baltimore philanthropists Robert and Jane 


Meyerhoff. Their family foundation supplies 
two-thirds of the program’s $3.5 million 
budget for 2008-09. 

On the West Coast, the 16-year-old Biol- 
ogy Scholars Program (BSP) at the Univer- 
sity of California (UC), Berkeley, has also 
succeeded in helping underrepresented 
minorities make it through college. Since 
2000, 69% of its 650 students have graduated 
within 4 years, topping the 61% rate for the 
rest of the student body. Among African- 
American students—some of whom take 
more than 4 years to complete their studies— 
scholars have a 93% graduation rate versus 
73% for their nonprogram peers. Only 
0.15% of biology scholars are dismissed for 
poor academic performance, notes evolu- 
tionary biologist John Matsui, 
who directs the program, 
compared with 3.5% for all 
UC Berkeley undergraduates. 
The program’s annual budget 
of $1.5 million comes from 
the Howard Hughes Medical 
Institute (HHMI) and, since 
2004, the Gordon and Betty 
Moore Foundation. 

Although the two programs 
differ in many respects, their 
ability to lend minority stu- 
dents a helping hand at the 
right time seems to be critically 
important. For his first 2 years 
at UC Berkeley, Eric Octavio Campos, a grad- 
uating senior, says, “I was very much alone on 
this huge campus, and there were so few Lati- 
nos or African Americans in my science 


The UC Berkeley program has been an inspiration for two other UC 


Several institutions have begun to imitate aspects of the Meyerhoff pro- 
gram at the University of Maryland, Baltimore County, and the Biology 
Scholars Program at the University of California (UC), Berkeley (see main 
text). However, none has published comprehensive data on what has 
been accomplished. 

Five years ago, Louisiana State University, Baton Rouge, began a pro- 
gram to serve disadvantaged science students. LA-STEM tries to replicate 
Meyerhoff’s tiered mentoring and summer programs but without the same 
level of financial aid. With this month's graduation, 46 students have com- 
pleted the program, with a retention rate of 90%. Even so, its driving 
force, vice chancellor and analytical chemist Isaiah Warner, admits that 
“we are far behind Meyerhoff in terms of getting and measuring results.” 

This past summer, about 50 incoming engineering students at the 
University of Michigan (UM) joined a new academy that includes a sum- 
mer program, mentoring, research internships, and modest student 
grants. “Our challenge was, How could we put a Meyerhoff-like model to 
work in a large research institution?” says Derek Scott, who directs UM's 
multicultural engineering program. 


campuses, and in 2007, Cornell University embraced its name and 
concepts to tackle its attrition rate among minorities in biology, says 
virologist Laurel Southard, who directs the department's undergradu- 
ate research and outreach. The Cornell program takes in 20 to 25 first- 
year students each year, offering them mentoring, special events, and 
research opportunities. Southard is seeking outside support to supple- 
ment a small budget provided by the department and the vice 
provost's office. 

The biology department at Harvard University offers a Howard 
Hughes Medical Institute—sponsored program that each year enrolls 
about 40 freshmen students from disadvantaged backgrounds. “We 
stick with them for all 4 years,” says biologist Robert Lue. “They are 
assigned to a faculty lab and mentored by faculty and others.” In 2006, 
Harvard started a wider effort—the Program for Research in Science 
and Engineering—that offers summer research opportunities to 
undergraduates from all of the sciences. Lue says that the number of 
women and underrepresented minorities majoring in the life sciences 
has risen by 16% over the past 4 years. He’s now analyzing the pro- 
gram’s impact on attrition rates. -R.K. 
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classes.” But joining the Scholars program 
“gave me a sense of community and helped 
advise me on how to get where I wanted to go 
in science.” This fall, Campos will enter a 
Ph.D. program in biology at the University of 
Washington, Seattle. 


Good intentions, scant data 

UMBC and UC Berkeley often figure promi- 
nently in discussions of how to bolster the 
numbers of minorities entering STEM fields. 
It’s a perennial topic among those who worry 
about whether the United States is producing 
enough scientists and engineers. Michael 
Summers, a biochemist at UMBC who has 
been active in the Meyerhoff program, won- 
dered why more universities haven’t been able 
to match its success. 

Summers took his concerns to HHMI, 
which supports Summers’ lab as an HHMI 
investigator. With help from the institute and 
contributions from the National Institutes of 
Health, Summers and colleagues invited diver- 
sity specialists from 75 research universities 
and leading 4-year colleges to discuss under- 
graduate STEM diversity and retention. 

Summers recalls that many administra- 
tors who attended the group’s first meeting in 
2004 at Harvard University “were shocked 
at how low STEM retention was among 
disadvantaged students” and by how few 
institutions actually tracked dropout rates 
from STEM fields. 
They vowed to do 
better. Educators met 
again in 2007 and 
2008 to report on 
their progress, includ- 
ing the status of new 
programs. 

But Summers says 
few have developed 
good empirical data. 
“Most institutions 
don’t track their stu- 
dents and thus don’t 
know their own per- 
formance when it 
comes to retaining and educating underrepre- 
sented minorities,” he says. And it will take 
years to collect and analyze the data at institu- 
tions that have begun to do so. 

One problem, says John Slaughter, presi- 
dent of the National Action Council for 
Minorities in Engineering in White Plains, 
New York, is that most universities that care 
about diversity have concentrated on entry 
points rather than completion rates. “We need 
to focus more of our attention on outcomes like 
retention and graduation rather than simply 
enrolling more minority students,” he argues. 
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Success in situ. Yohance Allette says the Meyerhoff 
program has helped him stay in biology. 


Another issue is the paucity of good stud- 
ies of what Matsui calls “the sociology of sci- 
ence diversity.” Conventional wisdom values 
summer bridge programs for incoming fresh- 
men and the chance to do undergraduate 
research, for example, but Matsui says “we 
need more rigorous study to understand what 
works, for which students, and under what 
conditions.” Such comparisons are hard to 
make when most programs preselect students, 
notes social psychologist Martin Chemers of 
UC Santa Cruz, who adds that the lack of con- 
trol groups hinders empirical studies. 

A third problem is the absence of data on 
what happens after students graduate. “We 
have no idea whether most of these programs 
are working or not,” says Willie Pearson Jr., a 
sociologist at the Georgia Institute of Tech- 
nology in Atlanta who studies science educa- 
tion. “There’s a great need for follow-up 
data.” The National Science Foundation 
hopes to address that need, says Kellina 
Craig-Henderson, a manager within NSF’s 
cognitive sciences program, with an initia- 
tive, labeled “The Science of Broadening Par- 
ticipation,” that would fund research on effec- 
tive programs and how they can be scaled up. 


Different approaches 
The UMBC and UC Berkeley programs 
take different paths to help their target 
populations. UMBC recruits high-achieving 
high-school seniors, 
two-thirds of them 
underrepresented 
minorities, gives 
them generous finan- 
cial aid, uses a sum- 
mer bridge program 
to create group 
cohesion, plunges 
them quickly into 
research, and sur- 
rounds them with 
mentors. Rather than 
focus mainly on 
what he calls “high 
flyers,” Matsui looks 
for “those on the margins, who will succeed 
if given the right environment and opportuni- 
ties.” The UC Berkeley program offers men- 
toring and group cohesion but does not 
include a summer program, offer a separate 
stipend, or require freshmen to do research. 
Meyerhoff’s results are impressive. Seven 
of eight graduates (more than 650) have earned 
degrees in STEM fields, and they have gone 
on to receive 53 Ph.D. degrees, 74 medical 
degrees, and 21 combined degrees. Hrabowski 
says that makes UMBC, with an enrollment 
that is 14% African-American and 3% His- 
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STAYING THE COURSE 


African Americans 
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ALL STUDENTS 


64.6% 


Whites 


69.3% 


Asian Americans 
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Elusive degree. A minority of African-American and 
Hispanic students who begin as science majors actu- 
ally graduate with a STEM degree. 


panic, “one of the few predominantly white 
universities producing significant numbers of 
African-Americans who go on to get Ph.D.s.” 

UC Berkeley’s program, which has helped 
2000 students, can’t match those retention 
numbers: So far, about 70% of BSP students 
have graduated with biology degrees. Matsui 
is proud of having created what he calls a sense 
of community among students, advisers, and 
“culturally sensitive” faculty members. “The 
network of close-knit students and mentors 
gives you a basis to succeed,” says UC Berke- 
ley senior Dannielle McBride, an African 
American who joined Matsui’s group after 
four part-time years at a community college. 

Although they disagree on some of the 
necessary ingredients, Hrabowski and Matsui 
are both passionate about collecting and ana- 
lyzing data to evaluate and improve their pro- 
grams. They are also eager to share their 
knowledge with other universities. “We place 
a great deal of emphasis on evaluation, and 
other institutions should also,” says 
Hrabowski, who chairs a National Research 
Council panel for the National Academies that 
is assessing minority STEM education. 

Allette, a rising senior who hopes to earn a 
combined M.D.-Ph.D. degree, says programs 
like Meyerhoff provide students with the sup- 
port they need to persevere. “The challenge 
for science majors is not so much, ‘Do I want 
to do it?’ as ‘Can I do it?’ Once you are confi- 
dent of success, you can go far.” 

—ROBERT KOENIG 
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The David Starr Jordan Prize 
For Innovative Contributions to the Study of 
Evolution, Ecology, Population and Organismal Biology 


In 1986, Cornell, Indiana and Stanford Universities established a joint endowment to fund a prize in honor of David Starr Jordan, 
a scientist, educator and institution builder of enormous influence on higher education in the United States who had important ties 
to each of these universities. The prize is international in scope and presented approximately every three years to a young scientist 
(40 years of age or less) who is making novel innovative contributions in one or more areas of Jordan’s interest: evolution, ecol- 
ogy, population and organismal biology. 


The intent of this prize is to recognize young scientists who are making research contributions likely to redirect the principal foci 
of their fields. In addition to a cash award, the recipient will receive a commemorative medal, will attend an awards ceremony, 
visit each of the sponsoring institutions and give scholarly presentations of his/her work. The selection of the prize winner will be 
made by a committee composed of representatives from each of the three institutions. 


The sixth David Starr Jordan Prize will carry a prize of $20,000.00 and will be announced in Fall of 2009. This year the award 
ceremony will be held at Cornell University. 


Nomination forms are posted on the David Starr Jordan Prize Website (www.davidstarrjordan.org). Nomination forms with sup- 
porting materials should be submitted by email. Questions should be directed to: 

Dr. William L. Crepet, Chair 

Plant Biology Department 
412 Mann Library Building 
Cornell University 
Ithaca, New York 14853 
(607-255-2131 - FAX 607-255-5407) - email WLC1@cornell.edu 


All nomination materials must be received prior to August 15, 2009. 
For more information including a list of previous prize winners and their accomplishments, visit: www.davidstarrjordan.org. 
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Redesigning the 
Wildlife Trade System 


K. F. SMITH ET AL.’S POLICY FORUM (“REDUCING 
the risks of the wildlife trade,” 1 May, p. 594) aptly 
proposes the need for a priori restrictions to be placed 
on newly traded wildlife species to predetermine their envi- 
ronmental, health, and economic impacts. The need for such restric- 
tions is clear for the conservation of these traded species as well. For 
example, some reptile species collected for the exotic pet trade have 
been driven to near extinction, or extirpated from their type localities, 
immediately after their description in the scientific literature (/) and 
before receiving any protection through registration in the Convention 
on International Trade in Endangered Species (CITES) of wild fauna 


POLICY FORUM | 


EDUCATION FORUM | 


PERSPECTIVES 


tl 


Endangered. The Roti Island snake- 
| necked turtle is one example of a species 
threatened by wildlife trading. 
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required to process CITES registra- 
tions (3). Automatically restricting the 
trade in these species could allow con- 
servation assessments to be undertaken in 
addition to risk analyses of their potential 
impact. Given all the knowledge we have accrued 
about the negative impacts of the wildlife trade, perhaps it would 
make more sense to adopt a system whereby permissions are sought to 
include a species in the international trade, rather than requiring hasty 
applications for limits when it may already be too late. 
ANGELO P. PERNETTA 


NERC Centre for Ecology and Hydrology, CEH Wallingford, Benson Lane, Crowmarsh 
Gifford, Wallingford, Oxfordshire OX10 8BB, UK. E-mail: a.p.pernetta@googlemail.com 


and flora. 


The novelty and potential rarity of newly traded species could result 
in the occurrence of anthropogenic allele effects (2), which may ulti- 
mately lead to heavy population declines, even during the time 


Wood Energy: 


Predicting Costs 


THE POLICY FORUM “WOOD ENERGY IN 
America” (D. deB. Richter Jr. et al., 13 March, 
p. 1432) was a much-needed and long-overdue 
contribution to energy discussions. However, 
fossil fuels are not four times more expensive 
than wood per unit energy. Rather, most fossil 
fuels are still less expensive than wood in most 
places, though the price of wood shows more 
local variation and is more volatile even than 
that of fossil fuels. Global mean wholesale 
price for sawlogs in the first quarter of 2008 
was about $170 per metric ton (MT), or about 
$10/GJ (1). The mean wholesale price for pel- 
lets then was about $200/MT, or about $11/GJ 
(2). Since then (because of the housing crash), 
the price of sawlogs has dropped dramatically in 
the United States (3), but the global wholesale 
price of wood pellets has remained stable (2). 
At $60/barrel, oil is $10/GJ; natural gas 
currently is about $4/GJ (4). The latest Energy 
Information Administration projections place 
the mean cost of coal to U.S. utilities in 2009 
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at $2/GJ, though high-grade coals can be three 
times as expensive ($180/MT) (4). 

The cost of wood seems likely to soar 
again within a few years. A severe pine-beetle 
blight began in North America in 1999, and 
today vast expanses (several gigatons, over 
500,000 km) of the forests in North America 
are dead (5). These forests (containing over 
four times as much dead wood as current 
global wood annual usage) will be largely 
destroyed by wildfires over the next 6 years. 
Even in the United States, wood pellets have 
recently sold for over $320/MT in some areas 
(6), and some projections indicate global 
wood-pellet usage will continue to grow at 
over 20% annually for the next decade (7). It’s 
hard to image wood pellets being under 
$400/MT ($22/GJ) by 2013. 
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Wood Energy: 


Protect Local Ecosystems 


IN THEIR POLICY FORUM PAPER “WOOD EN- 
ergy in America” (13 March, p. 1432), D. deB. 
Richter Jr. et al. argue cogently for deploy- 
ment of advanced wood combustion (AWC) 
systems to meet a range of objectives, and 
they demonstrate the potential economic and 
energy values of community-based AWC in 
the United States. The accuracy of their esti- 
mates of U.S. energy potential from AWC is 
dependent, in part, on estimates of wood 
supply. This includes logging residue (tops, 
branches, and foliage) from sustainably 
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managed forests. However, they do not address 
what proportion of this residue should be 
left on-site to sustain local ecosystems over 
multiple rotations. 

Neither of the authors’ examples of mid- 
sized state inventories estimate this proportion 
(7, 2), yet the US. national biomass inventory 
assumes that 35% of total logging residue pro- 
duced should be left to allay site impact con- 
cerns (3); other large-scale logging residue 
inventories have used reductions of 0% (4, 5), 
30% (6), 50% (7), and 100% (8). When pro- 
portional reductions are used, these are based 
on expert opinion and one proportion is 
applied to all sites within large regions (coun- 
try, state, province, or land ownership system). 
Which reduction is most appropriate? 

In a recent EU report (9), expert opinion 
was used in a biomass inventory study to 
define different levels of logging residue 
retention for each of four site sensitivity 
classes, based on slope, elevation, and soil 
properties. The resultant site sensitivity map 
was then combined with a forest inventory 
map of the same grid size (1 km by | km) to 
create a spatial layer defining the environmen- 
tally compatible potential for logging residue 
removals that could then be scaled up to large- 
scale resolution across Europe. 

Results show a reduction (for 2000 to 
2005) in total logging residue inventory of 
39% for the EU-13 and 41% for the EU-21 
countries. The similarity in the 13- and 21- 
country results suggests that, for the soil crite- 
ria used and for conditions similar to those in 
the European Union, a 40% reduction for 
large-scale inventories would be reasonable. 
The EU study, however, focuses on soil issues; 
until similar approaches are applied for other 
aspects of the ecosystem (such as biodiversity 
and water quality), using a 50% retention pro- 
portion therefore may be appropriate, as in 
some national studies (7). 
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Wood Energy: 


The Dangers of Combustion 


WE AGREE WITH THE RECENT POLICY FORUM 
(“Wood energy in America,” D. deB. Richter 
Jr. et al., 13 March, p. 1432) that renewable, 
clean, and affordable energy sources are desir- 
able; however, there may be detrimental health 
outcomes associated with widespread adop- 
tion of advanced wood combustion (AWC). 
Air pollution from wood combustion is 
associated with a variety of adverse health 
impacts (/), and typical emissions (even from 
AWC) are significantly higher than those from 
modern natural gas and fuel oil combustion (2). 
Although pollution control technologies are 
available, they are not yet consistently applied, 
even in newer wood boiler installations such as 
those in the Fuels for Schools program (3). 
More important, even if emissions from 
AWC are reduced relative to other sources, the 
distributed nature of a proposed wood energy 
system would lead to thousands of small com- 
bustion sources in close proximity to popula- 
tion centers, increasing the proportion of 
harmful emissions that result in human expo- 


Published by AAAS 


sure (4, 5). Distributed sources such as AWC 
would require dramatically lower emissions 
per unit energy than centralized combustion 
facilities in order to yield a net reduction in 
population exposure to air pollution (6). 
Identifying rational climate-mitigation 
strategies, whether biomass-related or other- 
wise, requires integrated assessments that 
carefully weigh climate and energy security 
benefits with potential health and other envi- 
ronmental impacts (7, 5). 
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Response 
FORESTERS AND LOGGERS FROM AROUND THE 
United States report that energy wood deliv- 
ered to market runs from less than $20 to $50 
per green Mg (ton) with 50% moisture (J), 
prices that convert to about $2 to $5 per GJ. 
Doty questions these prices based on a 
common misunderstanding of how wood is 
harvested in the forest. Energy wood is 
merchandized as a low-priced product (not 
to be confused with much higher priced 
sawtimber), and thus energy wood thinnings 
can support forest improvement projects for 
restoration, conservation, and fire-risk reduc- 
tion. Our estimates of $2 to $5 per GJ for 
energy wood include a historic range 
of low-priced wood products and 
can be compared with the Energy 
Information Administration re- 
ports that indicate industrial 
users of natural gas paid nearly 
$7 per GJ in January 2009 and 
that the spot price of distillate 
fuel was almost $10 per GJ in 
March 2009 (2, 3), far above that 
of energy wood. Doty’s letter illus- 
trates the need for wood-energy 
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education, the need for standardized defini- 
tions of biomass energy (4), and the need to 
better quantify environmental and social bene- 
fits that amplify financial advantages made 
possible by wood. 

Titus and colleagues address wood supply 
by reviewing estimates for how much energy 
wood can be recovered from newly logged 
forests, which is important because sus- 
tainability requires that energy-wood harvests 
not degrade forest ecosystems. Research on 
harvest impacts on soils is extensive (5, 6), 
and despite site-to-site variation, Titus and 
colleagues point to European and North 
American assessments that 40 to 65% of 
woody debris left on-site after conventional 
logging might be marketed as wood energy. 
These estimates illustrate that the energy- 
wood supply is enormous, and it is indeed 
larger still given waste wood from ongoing 
management of urban forests and the millions 
of hectares of forests that can be thinned to 
lower wildfire risks and meet restoration and 


conservation-forestry objectives. More than 
abundance alone, our Policy Forum empha- 
sized that wood is too valuable to waste with 
inefficient combustion and that community- 
based advanced wood combustion (AWC) 
systems used for heat, cooling, and power 
operate at two to three times the efficiency of 
electricity-generating facilities being planned 
in response to the Congressionally proposed 
Renewable Electricity Standard (RES). Burn- 
ing wood solely for electricity is not AWC as 
defined in our Policy Forum, given that these 
facilities will waste 60 to 75% of the energy 
stored in wood. Such RES-promoted wood 
electricity helps explain Casten’s recent 
remark that “separate generation of electricity 
and heat is utter madness” (7). 

Finally, we heartily agree with Ries and 
colleagues that integrated assessments can 
guide society’s transition from fossil to effi- 
cient and renewable energy systems. Ries and 
colleagues are concerned, as are we, by health 
effects of air pollutants from open burning, 


CORRECTIONS AND CLARIFICATIONS 


News Focus: “A long, winding road to ignition” (17 April, p. 327). The item reported that the National Ignition Facility’s 
laser beam travels 305 meters in 25 nanoseconds. In fact, it travels 457 meters in less than 2 microseconds. 


Letters: “Creating a common climate language” by T. E. Bowman et al. (3 April, p. 36). The atmospheric concentration of 


CO, was 379 ppm in 2005, not 397 ppm. 


Editors’ Choice: “All washed up” (20 March, p. 1539). The photograph should have shown a red tide in California, but 
instead showed Gay Head, located on Martha’s Vineyard in Massachusetts. 


News Focus: “Senate majority leader hands NSF a gift to serve the exceptionally gifted” by J. Mervis (20 March, p. 1548). 
The longitudinal study of mathematically precocious youth, begun in 1971 by Julian Stanley at Johns Hopkins University, is 
now being carried out by Camilla Benbow and David Lubinski at Vanderbilt University. Linda Brody directs the Study of 


Exceptional Youth at Johns Hopkins. 


News Focus: “A memorable device” by L. Laursen (13 March, p. 1422). On page 1423, neuropsychologist Georgina 
Browne's name was spelled incorrectly. The misspelling has been corrected online. 
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Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 

general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


wildfires, and unregulated stoves and fire- 
places. However, none of these combustions 
qualifies as AWC, which by definition com- 
bines high-quality combustion and high- 
efficiency thermal conversion that together 
enable systems to strictly control atmospheric 
emissions. Given the importance of integrated 
assessments of energy transitions to renew- 
ables, Ries and colleagues might be im- 
pressed, as are we, with the variety of environ- 
mental, economic, and social benefits offered 
by AWC, including well-demonstrated and 
ongoing improvements in lowering atmos- 
pheric emissions across thousands of systems 
throughout Europe (8, 9). 
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Angelopoulos et al. (Research Articles, 15 August 2008, p. 931) reported that magnetic reconnection in Earth's 
magnetotail triggered the onset of a magnetospheric substorm. We provide evidence that (i) near-Earth current dis- 
ruption, occurring before the conventional tail reconnection signatures, triggered the onset; (ii) the observed auro- 
ral intensification and tail reconnection are not causally linked; and (iii) the onset they identified is a continuation 
of earlier substorm activities. 
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ticle distributions to identify reconnection onset; and preliminary auroral electrojet—low index (AL) instead of 
ground magnometer, auroral, and magnetotail data to claim pre-existing activity. 
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Comment on “Tail Reconnection 
Triggering Substorm Onset” 


A. T. Y. Lui 


Angelopoulos et al. (Research Articles, 15 August 2008, p. 931) reported that magnetic reconnection 
in Earth's magnetotail triggered the onset of a magnetospheric substorm. We provide evidence that 
(i) near-Earth current disruption, occurring before the conventional tail reconnection signatures, 
triggered the onset; (ii) the observed auroral intensification and tail reconnection are not causally 
linked; and (iii) the onset they identified is a continuation of earlier substorm activities. 


ngelopoulos et al. (/) reported that a 
Acetate substorm was initiated 
by reconnection in Earth’s magnetotail 
based on observations from NASA’s Time His- 
tory of Events and Macroscale Interactions during 


Substorms (THEMIS) mission. Here, we reeval- 
uate the evidence focusing on the event analyzed 
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in the main text of (/). Figure 1A shows the rela- 
tive positions of THEMIS satellites for that 
event. Let us first examine the conventional sig- 
natures of reconnection during this interval. By 
conventional signatures, we mean Earthward plas- 
ma flow with positive B, (the north-south compo- 
nent of the magnetic field) in locations Earthward 
of the reconnection site and tailward plasma flow 
with negative B, in locations tailward. Because 
only convective plasma flows, that is, flows per- 
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magnetic reconnection and transport of magnetic 
flux to cause current disruption/dipolarization in 
the near-Earth region, only the convective flow 
components are examined here. Figure 1, B to G, 
shows the XY component of the convective plasma 
flows V,. and the magnetic field elevation angles 
Ag from probes P1, P3, and P4 near the substorm 
onset time on 26 February 2008 identified in (/). 
The inner satellites P3 and P4 detected Earthward 
flows ahead of tailward flows at the outer satellite 
P1 and before the onset (04:54:00 UT) of the 
THEMIS auroral electrojet index (AE), an AE 
index constructed from THEMIS ground magnet- 
ic stations. Current disruption/dipolarization signi- 
fies magnetospheric current change and should be 
matched with ionospheric current change, that is, 
AE activity. If one attributes the appearance of 
tailward flows at P1 as reconnection onset, then it 
occurred after substorm disturbances close to the 
Earth. This time sequence is consistent with the 
near-Earth current disruption (CD) activated be- 
fore tail reconnection further downstream, sug- 
gesting substorm onset triggered by CD and not 
tail reconnection. Examination on the change of 
Ap at these satellites reveals a similar time se- 
quence. Appreciable magnetic field configura- 
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Fig. 1. (A) Alignment of five THEMIS satellites in the magnetotail during the 
substorm event on 26 February 2008 using the Geocentric Solar Magne- 
tospheric (GSM) coordinate system: P1, Xgsm =—21.5 Re; P2, Xgsm = —17.2 Re; 
P3, Xesm = —10.9 Re; P4, Xesm = —10.2 Re; P5, Xesm = 5.5 Ry. (B to D) The xX 
component of convective plasma flows at P1, P3, and P4 satellites around 
event onset time. The red dashed lines mark the onset of substorm activity at 
the satellite. (E to G) The magnetic field elevation angle at P1, P3, and P4 
satellites around event onset time. (H and I) The temporal variations of the Z 
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associated with the appearance of discernible 
plasma flows occurred first near P4 and P3, 
before P1. 

The features at P1 adopted by Angelopoulos 
et al. (1) as the first sign of reconnection at 
04:50:28 UT are V, > 0 and B, < 0, which are 
not the conventional signatures. The justification 
is that the plasma was moving to the neutral 
sheet concurrent with the negative B, develop- 
ment, which is interpreted as the occurrence of 
reconnection Earthward of Pl. However, an 
equally likely alternative interpretation is that 
these are signatures of plasma sheet thinning at 
P1 concurrent with an even thinner near-Earth 
plasma sheet, producing southward dipping of 
the magnetic field, as documented previously 
(2). Figure 1, H and I, show that there were at 
least two other similar changes at P1 shortly 
before 04:50:28 UT, namely, at 04:44:19 and 
04:47:16 UT. These earlier occurrences of the 
same features raise doubt on the causality of tail 
reconnection onset and auroral intensification 
onset at 04:51:39 UT. It is quite likely that re- 
connection onset and substorm onset are not 
causally related in this event, that is, that they 
are independent phenomena. This assessment is 
reinforced by noting that the required commu- 
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nication time (96 s) is shorter than the Alfvén 
transit time between the P1 location and the iono- 
sphere, ruling out the possibility of field-aligned 
current connecting the two phenomena. The dif- 
ficulty with assuming that electrons from recon- 
nection are responsible for the connection is that 
the observed electron flux presumably ejected 
from reconnection shown in figure 4, C and D, 
in (/) is far too low [< 0.02 erg/(cm”:s'sr)] by two 
orders of magnitude to account for the observed 
auroral intensity. Finally, current disruption/ 
dipolarization associated with substorm current 
wedge (SCW) development occurred at P3 and 
P4, ~10 Re (Earth radius) Earthward of the re- 
connection site. This implies that the SCW would 
occur considerably equatorward of the brighten- 
ing auroral arc, a feature that has never been 
seen in an isolated substorm. 

The reconnection signatures presented in (/) 
are not compelling. Although there was a posi- 
tive excursion of the B, component at P2 around 
that time, an expected feature Earthward of the 
reconnection site, there was a persistent tailward 
plasma flow unaffected by the positive excursion 
of the B, component. This is inconsistent with 
the expected plasma flow signature for recon- 
nection. This discrepancy from the expected re- 


connection signatures at P2 is shown with the 
corresponding P1 observations (Fig. 2, A to D). 

Moreover, there is evidence that the substorm 
onset identified in (/) is simply an intensifica- 
tion of a substorm that started earlier. Figure 2, 
E to H, shows plasma flow activities at THEMIS 
satellites, whereas Fig. 2, I and J, show the official 
auroral indices AU/AL and Leirvogur magnetic 
activities. There were two temporally separated 
plasma flow activities at P1, P3, and P4, which 
were parts of a continuous substorm interval, as 
indicated by the ground magnetic activities, par- 
ticularly the z component at Leirvogur. Therefore, 
the 04:51:39 UT onset time inferred in (/) from 
the Gilliam all-sky imager (ASI) was not an onset 
time of an isolated substorm. Intensification ac- 
tivity is often disconnected in longitude from the 
substorm onset longitude (3, 4), and Gilliam was 
probably not at the right local time to detect the 
auroral activity at substorm onset. For this earlier 
substorm onset, close examination indicates that 
the onset of convective plasma flow also started 
at P3 and P4 before P1 and P2. 

In summary, we have pointed to several po- 
tential shortcomings of the conclusion reported 
by Angelopoulos et al. (/). First, based on the 
conventional reconnection signatures observed 
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green arrows show the convective plasma flows. Current disruption onset in the 
near-Earth region precedes the AE; onset on the ground by 95 s. This initial 
disturbance instigates current disruption in multiple sites that develop at 
progressively further downstream distances. Reconnection occurs in one of the 
current disruption sites in the midtail, preceding the AE;, onset by 17 s. 


@® CD onset: T= -95s 


@ MR onset: T=—17s 


Multiple CD sites © MR occurs at a CD site 


1391-b 12 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


by THEMIS satellites, substorm disturbances oc- 
curred in the near-Earth region before the tail 
reconnection. Second, the unconventional sig- 
natures used in (/) to identify reconnection on- 
set can be interpreted alternatively as plasma sheet 
thinning, with the inner tail being thinner than the 
midtail. Third, the direct connection between tail 
reconnection onset and auroral intensification 
has difficulties in establishing a credible phys- 
ical link, suggesting that the two phenomena are 
possibly not causally related. Overall, we infer 
the following time history of events. Near-Earth 
CD triggers the substorm onset, leading to the 
formation of a SCW. This initial disturbance in- 
stigates CD in multiple sites that develop at 
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progressively further downstream distances. 
Reconnection occurs at one of the CD sites in 
the midtail (Fig. 2K). This sequence is in agree- 
ment with several previous studies and the 
inside-out model of substorm onset (4/5). 
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Response to Comment on 
“Tail Reconnection Triggering 


Substorm Onset” 


Vassilis Angelopoulos,?* James P. McFadden,” Davin Larson,” Charles W. Carlson,” 
Stephen B. Mende,” Harald Frey,” Tai Phan,” David G. Sibeck,> Karl-Heinz Glassmeier,* 
Uli Auster,* Eric Donovan,” lan R. Mann,° I. Jonathan Rae,® Christopher T. Russell,* 


Andrei Runov,* Xu-Zhi Zhou,” Larry Kepko’ 


Lui challenges our conclusion that magnetic reconnection triggered the onset of a magnetospheric 
substorm. However, Lui incorrectly uses the auroral electrojet index instead of ground auroral 
and magnetic field pulsation signatures to determine substorm onset; single velocity and 
magnetic field components instead of full vectors and particle distributions to identify reconnection 
onset; and preliminary auroral electrojet—low index (AL) instead of ground magnometer, auroral, 
and magnetotail data to claim pre-existing activity. 


e used data from NASA’s Time History 

\ N / of Events and Macroscale Interactions 
during Substorms (THEMIS) mission 

to analyze the development of three magneto- 
spheric substorms and identified reconnection 
as the trigger mechanism of substorm onset (/). 


Lui (2) challenges our conclusion for one event on 


several grounds, which we address here. We stand 
by our original interpretation of a reconnection- 
initiated substorm. 

To argue that substorm onset took place after 
the onset of near-Earth current disruption, Lui 
equates substorm onset with an 04:54:00 UT in- 
crease in the THEMIS auroral electrojet (AE) 


OO VIVE IN 


index [see table 1 in (/)] despite the 04:51:39 UT 
auroral intensification, the 04:52:00 UT onset of 
Pi2 pulsations (irregular pulsations in the 40- to 
150-s range), and the 04:52:21 UT poleward ex- 
pansion of the aurora. All of these events occurred 
before the 04:52:27 UT onset of near-Earth activ- 
ity at probe P3 and are therefore inconsistent with 
the current disruption model of substorms (3, 4). 
Although often used as a proxy, the AE index is 
ill suited to identifying localized onsets. 

Lui (2) further reports that the “conventional” 
signatures of reconnection, namely southward 
deflections of the magnetic field (B, < 0, where 
B- is the Z-directed component of the magnetic 
field in Geocentric Solar Magnetospheric coordi- 
nates) and the increase of the convective flows in 
the tailward direction, were not observed until after 
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Fig. 2. (A) Kyoto Provi- 
sional AL index, used in 0 
(2), and THEMIS AL in- 
dex, including addition- 
al Canadian stations. (B) 
Mid-latitude Pi2 pulsa- 
tion data from Pine Ridge, 


a 


Kyoto Preliminary AL (Comment) 


THEMIS+Canadian+ 4 
Greenland AL A 


used in (1). (C) Total lobe 
pressure determined from 
low-energy plasma and 


Pine, Pi2 [nT] 4 


magnetic field data on 
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p2 © 


P1 and P2 satellites. (D) Be oy 
Same as in Fig. 1, E and ses 
H, but for a longer inter- 

val. (E and H) Ion partial gs 


flow velocity from the 


ESA instruments on P1 
and P3, respectively. (F 
and H) Same as Fig. 1, C 
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P1, Vxyz 


and |, but for a longer 
interval. (G and I) Mag- 
netic field on P1 and os 
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P3. All vectors are in 


GSM coordinates; X com- 
ponent is blue, Y com- 
ponent is green, and Z 


ne 


P41 


component is red. Verti- 
cal lines correspond to 
tail reconnection onset 


for the two substorms, 
based on the times of 
tailward or equatorward 


flow. 


04:53 UT. Reconnection models indeed predict 
these signatures, but only in the neutral sheet. 
Further from the neutral sheet, models predict 
cold ions convecting inward toward the neutral 
sheet superimposed upon ion beams streaming 
away from the reconnection site. Near the bound- 
ary separating reconnected and unreconnected 
magnetic field lines, reconnection models pre- 
dict antiparallel beams of field-aligned low-energy 
electrons streaming toward, and high-energy elec- 
trons streaming away, from the reconnection site 
(5-7). 

Because our study (/) established that probes P1 
and P2 were not in the neutral sheet at 04:50:28 UT 
reconnection onset, reconnection must be identi- 
fied on the basis of signatures expected outside the 
neutral sheet. First, P1 observed a negative, ex- 
cursion of B, (dB, < 0), P2 a positive B, excursion 
(dB, > 0), and P3 no excursion—a combination 
that demands a reconnection topology and precludes 
the near-Earth plasma sheet thinning scenario. Sec- 
ond, the northward flow velocities dV, seen by P1 
and P2 provide evidence for local reconnection in- 
flow near these spacecraft, and their absence at P3 
also excludes the near-Earth plasma sheet thinning 
interpretation. Third, as seen in figure 4C in (/), P1 
observed the predicted tailward ion beam superim- 
posed on a cold ion component. Fourth, as seen in 
figure 4E in (/), P1 observed the predicted bidirec- 
tional electron anisotropy. 

Before 04:54 UT, Pl and P2 were near the 
separatrices within an extremely thin current sheet 


embedded deep within the plasma sheet. Figure 1, 
A and B, show the convective displacement of the 
dominant cold ion distributions. Because the ~20 
nT magnetic field pointed Earthward along X, the 
dominant northward and Z-directed velocity shown 
in Fig. 1, C and F, was convective and consistent 
with the expected reconnection inflow. At P1 
and P2, significant flux transport only started at 
04:51 UT (Fig. 2, E and H). Figure 1B illus- 
trates the hot, 600 km/s tailward-streaming beam 
expected tailward from reconnection. Cold plasma 
streaming anti-Sunward along the magnetic field 
dominated the plasma velocity moment at both 
spacecraft for several minutes before onset. It con- 
tributed nothing to the flux transport and is likely 
related to tailward motion of mantle/ionospheric 
plasma. 

Lui (2) points to V, and B, fluctuations at P1 
before the 04:51:39 UT onset to refute the recon- 
nection timing scenario. However, these fluctua- 
tions were unaccompanied by other reconnection 
signatures at P1 or P2 and provide negligible flux 
transport toward the equator (Fig. 1, E and H). 

Figure 1H in (2) presents the dominant (Z) 
component of the convective flow at P1 on a time- 
line that differs from that for the other spacecraft. 
Figure 1 presented here shows all components to- 
gether with the timing established by (/). The cur- 
rent disruption onset timing in (/) was based on the 
abrupt increases in B, at P3 and P4, which were 
accompanied by high-frequency noise, consistent 
with (3, 4). Lui (2) defines current disruption on the 


basis of increases in V,, or slow changes in elevation 
angle, but neither is consistent with previous defini- 
tions (3, 4). 

Lui employed the Kyoto Provisional AL in- 
dex to imply a link between the 04:51:39 UT 
substorm onset and earlier activity. The THEMIS 
AL index, revised to include Eastern Canadian 
and Greenland stations and shown in Fig. 2A, 
shows that the earlier activity had already sub- 
sided by 04:40 UT. Neither AL index can be used 
to time growth phases or onset times because 
baseline determination requires subtraction of 
the monthly quiet days. Instead, we note that 
no mid-latitude Pi2 pulsations occurred during 
the 30 min before the onset (Fig. 2B). Neither 
P1 nor P2 observed any significant flux trans- 
port for 40 min before onset (Fig. 2D). In- 
creasing lobe pressures inferred from the total 
plasma sheet pressure at P1 and P2 (Fig. 2C) 
during the 20 min before onset indicate growth 
phase flux increases, which came to an abrupt 
end at P2 at onset. At P3, the B, component of 
P3 (Fig. 21) decreased for 40 min before onset, 
the classic signature of growth phase plasma 
sheet thinning. Finally, the two substorms were 
evident in the THEMIS imager array. Aurora 
associated with the earlier activity had subsided 
to lower magnetic latitudes (~67°) and decreased 
in intensity (see movie S1) at least 10 min be- 
fore the 04:51:39 UT onset, as expected during 
the substorm growth phase. All observations 
therefore indicate that the growth phase of the 
04:51:39 UT substorm had started by 04:40 
UT, and thus its onset was not due to lingering 
activity. 

Finally, Lui (2) omits evidence for reconnec- 
tion before the earlier substorm’s auroral intensi- 
fication and expansion. P1 observed tailward 
flows at ~03:58 UT (Fig. 2E), ~6 min before the 
04:04:51 UT dipolarization onset at P3 (Fig. 21). 
The flows had a significant (>40 km/s) tailward 
convective component (Fig. 2F), followed by 
northward flows toward the neutral sheet, dem- 
onstrating reconnection inflow as in the 04:51:39 
UT event. The images in movie S1 show auroral 
brightenings at 04:00:21 and 04:03:30 UT, both 
followed by expansions and both before current 
disruption at P3. These observations indicate that 
reconnection also triggered the earlier substorm. 

In conclusion, we argue that Lui employs an 
antiquated substorm definition using the AE in- 
dex to support a current disruption scenario. It 
focuses on dB, and V, signatures at P1 to time 
reconnection onset, ignoring correlated signa- 
tures from two spacecraft that indicate earlier 
reconnection onset. Lui also presents a current 
disruption timing analysis that is inconsistent 
with previously reported definitions and employs 
a geomagnetic index inappropriate for studies of 
localized small substorms to suggest that earlier 
activity was responsible for the 04:51:39 UT on- 
set. A more comprehensive index, THEMIS auro- 
ral images, and spacecraft observations reveal that 
reconnection-triggered earlier activity had sub- 
sided at least 10 min before the 04:51:39 UT 
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onset, by which time the growth phase of the new 
substorm was well under way. 
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Mr. Armstrong's Jersey and 


Mr. Rogers's Sweater 


Michael Shermer 


uring a recent trip to Austin, Texas, 
D for a debate with Old Earth creation- 
ists, I paid a visit to Lance Arm- 
strong’s famous bike shop Mellow Johnny’s 
(so named because Americans butcher the 
pronunciation of maille jaune, French for yel- 
low jersey). In addition to numerous yellow 
jerseys hanging on the walls, on the show- 
room floor were several of the bikes that 
Armstrong rode while winning seven Tours de 
France. “People think these are replica bikes,” 
the shop manager told me. “When I explain 
that these are the actual bikes on which Lance 
won the tour, they touch them like holy relics.” 
Why people imbue physical artifacts with 
an almost mystical force that can transmit its 
power to the contactee is the subject of Bruce 
M. Hood’s marvelous new book, SuperSense: 
Why We Believe in the Unbelievable. In an 
account chock full of real-world examples 
reinforced by experimental research, Hood (a 
cognitive psychologist at the University of 
Bristol) builds a theoretical model to explain 
how the mind comes to sense that there is 
something beyond the natural world, some- 
thing supernatural. He calls 
this phenomenon our “super- 
sense.” Our supersense under- 
lies our tendency to believe 
that objects, animals, and peo- 
ple contain an essence (some- 
thing at the core of their being 
that makes them what they 
are) and that this essence may 
be transmitted from objects to 
people and from people to 
people. There may be evolu- 
tionary reasons for this ten- 
dency, rooted in fears about 
diseases and contagions that 
contain all-too-natural essences that can be 
deadly (and hence should be avoided). But we 
now generalize the supersense to any and all 
objects, seen and unseen, and assume that 
those seen and unseen objects have agency 
and intention. 
The supersense is not restricted to the 
uneducated or unintelligent. “Many highly 
educated and intelligent individuals experi- 
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SuperSense 

Why We Believe in the 
Unbelievable / From 
Superstition to 
Religion—the Brain 
Science of Belief 


by Bruce M. Hood 
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2009. 320 pp. $25.99. ISBN 
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Imbued with goodness? Mr. Rogers wearing his trademark cardigan. 


ence a powerful sense that there are patterns, 
forces, energies, and entities operating in the 
world that are denied by science because they 
go beyond the boundaries of natural phe- 
nomena we currently understand,’ Hood 
notes. “More importantly, such experiences 
are not substantiated by a body of reliable 
evidence, which is why they are supernatural 
and unscientific. The inclina- 
tion or sense that they may be 
real is our supersense.” 

In other words, even smart 
people believe weird things. 
Why? I have argued that it is 
because we all have to believe 
things—whether they are weird 
things or nonweird things (/). 
The process by which we come 
to believe things is called learn- 
ing. We connect A to B to C, 
and often A really is connected 
to B, and B really is connected 
to C. But we do not have a false- 
pattern-detection device in our brains to help 
us discriminate between valid and misleading 
patterns, and so we make errors in our think- 
ing: type I errors in believing patterns are real 
when they are not (false positives) and type II 
errors in not believing patterns are real when 
they are (false negatives). Imagine that you are 
a hominid on the plains of Africa and you hear 
arustle in the grass. Is that the sound of a dan- 
gerous predator or just the wind? If you 
assume it is a dangerous predator and it is just 
the wind, you have made a type I error, but to 
no harm. But if you believe the rustle in the 


grass is just the wind when it is actually a dan- 
gerous predator, there is a good chance you’ll 
be removed from your species’ gene pool. 
Thus, I argued, there would have been natural 
selection for those hominids 
who tended to believe that all 
patterns are real and poten- 
tially dangerous. I called the 
resulting processes patternic- 
ity (the tendency to find mean- 
ingful patterns in random 
noise) and agenticity (the ten- 
dency to believe that the world 
is controlled by invisible inten- 
tional agents who may mean us 
harm) (2, 3). 

Hood’s supersense is a 
superstructure that incorporates 
both of these processes. It is the 
basis of superstition and magi- 
cal thinking. “If essences are 
thought to be transferable, we 
will not consider ourselves iso- 
lated individuals but rather 
members of a tribe potentially 
joined to each other through beliefs in super- 
natural connectedness,” Hood explains. “We 
will see others in terms of the properties that 
make them essentially different from us. Such 
an idea suggests that some essential qualities 
are more likely to be transmitted than others.” 
He includes among these qualities “youth, 
energy, beauty, temperament, strength, and 
even sexual preference.’ Many transplant 
patients suspect that certain aspects of the per- 
sonality of the donor will be incorporated into 
their own essence. Along with hoping that 
some object will convey the force of good, we 
fear the transmission of evil. Studies discussed 
by Hood show, for example, that most people 
say that they would never wear the sweater of a 
murderer. The possibility fills them with dis- 
gust, probably an evolved emotion selected to 
avoid rotting food and disease-carrying sub- 
stances. They would, however, happily wear the 
cardigan sweater of the children’s television 
host Mr. Rogers, which they believe makes 
them better persons. 

The supersense is so powerful, in fact, that 
it can influence even the most rational of skep- 
tics. At Mellow Johnny’s, I purchased an array 
of Lance Armstrong cycling gear (I ride bikes 
regularly). During my debate with the cre- 
ationists that night, I was secretly wearing a 
pair of Lance Armstrong yellow-rimmed 
black socks and a “Livestrong” T-shirt under- 
neath my suit. My rational brain does not for a 
moment believe that the essence of Arm- 
strong’s celebrated strength and endurance 
powered me through the three-hour event. Yet, 
for some odd reason I felt more confident, and 
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perhaps—given the influence of belief and the 
power of placebo—I was a better debater that 
night. I don’t know. But Hood knows that the 
supersense is all pervasive. For that reason, his 
book is an important contribution to the psy- 
chological literature that is revealing the actu- 
ality of our very irrational human nature. 
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Epidemics of Fear 


Kenneth R. Foster 


pidemics, in the usual image, are pro- 
EK duced by invading enemies, and physi- 

cians and scientists protect us by bat- 
tling against those pathogens. But sometimes, 
Philip Alcabes insists in Dread, epidemics are 
the product of imagination, fueled by people’s 
anxieties and prejudices instead of germs. 

The strongest chapters in this provocative 
but flawed polemic describe epidemics of the 
past in the context of changing views about 
the nature of disease. Between 1347 and 1351, 
plague killed at least a quarter of the European 
population. Many citizens viewed it as “an 
opportunity to confess sins and seek forgive- 
ness.” Others launched pogroms against Jews, 
blaming them for the tragedy. When cholera 
arrived in England in the early 1830s, it struck 
hardest at the poor who lived in overcrowded 
and unsanitary cities. Fearing social unrest 
and begrudging the costs of poorhouses and 
lazarettos (in which the victims were quaran- 
tined), the moneyed classes supported efforts 
to clean up the cities. Others instead blamed 
the moral turpitude of the victims. Alcabes (an 
epidemiologist in the Department of Urban 
Public Health at Hunter College, City 
University of New York) calls AIDS the first 
“postmodern epidemic”: the infection itself 
became the illness. The early victims in the 
United States were sexually promiscuous gay 
men, prompting bluenoses to blame the dis- 
ease “on homosexuality and, sometimes, sex- 
ual license in general.” 

The final chapters of Dread are a jeremiad 
against “imagined epidemics,” overblown 
health problems that give “those who have 
power more reason to wield it.’ Some of these 
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are real health problems in other countries that 
are unlikely to affect an average U.S. citizen 
(for example, AIDS). Others are “fall guys] 
for modern fears,” as Alcabes says about obe- 
sity: health issues that grow in the public’s 
mind into “epidemics” as a result of social 
anxieties or political manipulation, leading to 
overreaction by health agencies. 

Alcabes’s contrarian views about these 
health issues will infuriate 
many readers. He considers 
autism to be the “postmod- 
ern epidemic of nothing” that 
“became an epidemic only 
once policy guidelines in the 
United States required that 
public schools make accom- 
modations for autistic chil- 
dren.” He views influenza 
as another overblown threat: 
“There is no particular reason 
to think that there will ever be another epi- 
demic of flu to equal the 1918 outbreak” 
and “no reason to think that if any flu strain 
does manage to go global it will be any 
worse than the garden-variety strains that 
come around every winter.” He claims that 
the worries are being kept alive by “the peo- 
ple who make a living studying the virus 
and who need to attract continued grant 
funding to keep studying it.” 

If “imagined epidemics” such as obesity 
and autism are not substantial health threats 
to American citizens, then perhaps the 
health agencies involved with them are 
moralistic busybodies. Some libertarian 
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writers have made this point—for example, 
Jacob Sullum in “An epidemic of meddling: 
The totalitarian implications of public 
health” (/)—and it seems to be Alcabes’s 
view as well. However, his arguments suffer 
from two major weaknesses. 

The first is naked opinion. It may be, as 
he says, that smallpox is “defunct” and 
germ-warfare stocks of the virus were not 
worth worrying about, that 
drug-resistant tuberculosis in 
the United States was never a 
major health threat to its citi- 
zens, or that we have little to 
fear in a future flu pandemic. 
But if he wishes readers to 
accept his position, he needs 
to present a persuasive case 
for his views and not simply 
state them. 

The second is loose editori- 
alizing. At one point, Alcabes attacks a 1994 
U.S. Centers for Disease Control and Pre- 
vention (CDC) report that enrollment in day 
care centers is increasing as more mothers 
have entered the workforce (2). This is, he 
says, “a subtle form of the customary accusa- 
tion that women are failing in their duty to 
marry and stay home.” That clearly was not 
CDC’s point at all. Elsewhere, he comments 
that “[t]oday, black Americans are said to be at 
higher risk of prostate cancer, infection with 
hepatitis B virus and HIV, and infant mortal- 
ity, to name only a few health problems of 
concern”—citing a CDC Web site on racial 
disparities in health measures (3). He then 
complains, “Claiming that people of African 
descent are predisposed to such conditions 
explicitly attributes disease risk to genetics 
and implicitly attributes health to a person’s 
fitness. And it ties fitness to race”’ Whom, 
exactly, is he criticizing? 

Nonetheless, Alcabes has a point. The pub- 
lic is easily scared and can be manipulated to 
further political agendas unrelated to health 
and safety. The United States has a moralistic 
streak, and one can always find prominent 
individuals to blame victims for their own dis- 
ease. In either case, the result can be corrosive 
to setting wise public policy. Unfortunately, 
Dread provides no solutions to the problems 
Alcabes raises. 
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DRUG DISCOVERY 


Repurposing with a Difference 


Mark S. Boguski,'* Kenneth D. Mandl,? Vikas P. Sukhatme? 


here is widespread belief that current 
| models of drug discovery and devel- 
opment need revamping and reinven- 
tion in order to make pharmaceutical 
research and development (R&D) more pre- 
dictable, reliable, and less costly. We suggest 
a novel approach to this challenge that in- 
volves profound changes in the way post- 
marketing surveillance data are gathered 
and used. This approach capitalizes on 
recent advances in molecular medicine, 
human genomics, and information technol- 
ogy, as well as an increasingly sophisticated 
public eager for solutions to their unmet 
medical needs. Novel business models and 
imaginative legal and regulatory reforms 
will be critical to fulfill this promise and to 
maximize its impact. 

Despite enormous investments in basic 
science, technology development, and exper- 
imentation with new organizational and 
management structures, pharmaceutical 
product development still requires at least 10 
to 15 years and costs between $500 million 
and $2 billion (/, 2). Furthermore, there is a 
widening productivity gap: Research and 
development spending continues to increase, 
yet the number of new therapeutic chemical 
and biological entities approved by the U.S. 
Food and Drug Administration (FDA) has 
been declining since the late 1990s (3). Over- 
coming these and other obstacles to 
increased productivity may require an over- 
haul of the R&D paradigm (4); some have 
called for a “disruptive” transformation of 
the industry (5). 

One response to the productivity gap is 
drug “repurposing” (6, 7) or “repositioning” 
(8)—terms that refer to the identification 
and development of new uses for existing 
or abandoned pharmacotherapies. New 
uses of existing drugs cost much less to 
develop compared with de novo drug dis- 
covery and development (8). There are a 
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number of remarkable examples of repur- 
posed drugs whose additional indications 
were discovered serendipitously (8). For 
instance, buproprion (Wellbutrin) was origi- 
nally developed to treat depression but 
found another use in smoking cessation 
(marketed as Zyban for this indication). 
Duloxetine (Cymbalta) was also developed 
to treat depression, but was hypothesized— 
based on mechanism of action, not serendip- 
ity—as a treatment for stress urinary incon- 
tinence. It was successfully developed and 
marketed for both indications. 

A very unusual case of repurposing (the 
rescue of an abandoned drug) is thalidomide. 
Originally developed as a treatment for 
morning sickness during pregnancy, its dan- 
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More than one use. Prior examples of repurposed 
drugs include bupoprion and thalidomide (8). A more 
systematic approach involving postclinical-trial patient 
data could yield many more repurposed drugs. 


Consumer activism, genetic information, and 
social networking technologies are creating 
many opportunities for drug repurposing. 


gerous side effects became tragically evident 
in the late 1950s and early 1960s only after 
an epidemic of severe birth defects occurred 
in children exposed to the drug in utero (9). 
Thalidomide was withdrawn from the mar- 
ket but, several years later, was accidentally 
discovered to be uniquely effective in treat- 
ing severe complications of leprosy. It is now 
marketed for this use under the trade name 
Thalomid. Twenty years later, Thalomid’s use 
was granted a new method-of-use (MOU) 
patent (see below) as a treatment for a type of 
cancer (multiple myeloma). 

Another form of repurposing is the off- 
label use of prescription medications to 
treat a condition other than that for which 
the drug was approved by the FDA (J0). 
This is possible and common, because the 
FDA regulates how drugs are approved but 
not how medicine is practiced; physicians 
are free to prescribe approved drugs for any 
uses they see fit, provided they have 
exhausted “standard-of-care” approaches 
and have reason to believe that the off-label 
use will be of clinical benefit. Because of 
our increasingly sophisticated understand- 
ing of human biology and the molecular 
pathways of disease, one would expect there 
to be increasing opportunities for expand- 
ing off-label use based on fully elucidated 
pathways and mechanisms of action, a situ- 
ation that has been called a “new grammar 
of drug discovery” (//). A classic example 
of this phenomenon is imatinib (Gleevec 
and Glivec), a drug originally developed to 
treat chronic myelogenous leukemia whose 
indications were expanded to other cancers 
on the basis of common underlying molecu- 
lar pathways (//, /2). 

A more systematic way to explore the 
potential of existing drugs for repurposing 
would involve a new use of postmarketing 
surveillance information. Postmarketing 
safety monitoring (/3) is regulated by the 
FDA in the United States and the European 
Medicines Agency in Europe (/4, 15). The 
detection of potential adverse drug reactions 
has traditionally depended on voluntary and 
spontaneous reporting by individual patients 
and physicians, using the FDA’s Adverse 
Events Reporting Systems (AERS). Also, 
pharmaceutical companies monitor the liter- 
ature for case reports that may indicate a 
safety problem with their medicines. In addi- 
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tion, more proactive approaches, such as sta- 
tistical data-mining of hospital records, are 
beginning to emerge (/6—19). 

An increasingly important and influential 
resource is groups of patients who can access 
medical information on the Internet and see 
themselves as equal partners with—if not the 
primary drivers of—the medical profession in 
managing their health (20). Special online 
resources, such as Resounding Health, have 
recently been developed to serve this popula- 
tion. Ina growing number of cases, patients or 
their relatives not only initiate, but also design 
and carry out, research programs that have, for 
example, advanced understanding and treat- 
ment of gastrointestinal stromal tumor, gas- 
troesophageal reflux disease, autism, and the 
genetic disorder pseudoxanthoma elasticum 
(20). Most such efforts to date have been car- 
ried out as part of a “gift economy,” in which 
patients and their families volunteer time and 
effort to bypass what they consider the “lethal 
lag time” of professional research processes 
and formalisms (20). 

Such efforts are aided by the fact that con- 
sumers can now have their genomes typed 
for disease associations for as little as $399 
and can share these data electronically with 
their families, friends, or self-defined net- 
works of individuals (2/). A notable recent 
case is that of Google cofounder Sergey Brin, 
whose commercial genome scan revealed a 
high risk of developing Parkinson’s disease. 
Brin is personally funding a study of 10,000 
patients through two nonprofit companies, 
including the Michael J. Fox Foundation for 
Parkinson’s Research (22). 

Disease-oriented social networks, such 
as Genetic Alliance, PatientsLikeMe, and 
MyDaughtersDNA, have created online 
communities to advance the translation of 
research into new treatments. Google Health, 
Microsoft HealthVault, and Indivo (deployed 
by the Dossia consortium of employers) have 
created personally controlled, electronic 
health records for individuals or groups to 
share their medical conditions with health 
care providers, researchers, and others (23). 
This convergence of increasing consumer 
activism, along with access to genetic infor- 
mation services and sophisticated, advanced, 
and accessible information technologies, has 
created unprecedented opportunities to bring 
worldwide human resources and data to bear 
on biomedical research problems. 

Whereas the purpose of classical pharma- 
covigilance is to identify adverse side effects 
of drugs (/3), the new kind of pharmacovig- 
ilance we envision aims to detect, assess, and 
understand beneficial drug side effects (or 
expanded drug indications) that may become 
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apparent during their development or use. 
This “type 2” pharmacovigilance could be 
carried out, for example, by professionals 
using data-mining methods to look for 
potential beneficial events in electronic 
health records (16). However, we also antici- 
pate another approach, in which potential 
beneficial side effects of existing drugs are 
identified by online communities of drug 
consumers using social networking tech- 
nologies in a process that has been called 
“crowdsourcing” (24, 25). Potential benefi- 
cial side effects (or new indications) for 
existing drugs identified in this way could be 
assessed in a manner conceptually similar to 
the formal methods by which causality crite- 
ria are applied to adverse events (/5). 
Following initial assessment, candidates 
would be prioritized for further investiga- 
tion, including some form of clinical trials. 
Validation would be most straightforward for 
those phenomena that could be rationalized 
on the basis of known disease pathways or 
mechanisms of action. Potential new uses 
that are not consistent with known disease 
mechanisms might generate hypotheses that 
could lead to the discovery of new biological 
processes or disease pathways. 

Definitive clinical trials for novel uses of 
existing drugs will remain costly, and phar- 
maceutical companies are reluctant to invest 
in such efforts without patent protection. 
New information about the uses of existing 
drugs may create intellectual property in the 
form of MOU patents as opposed to com- 
position-of-matter (COM) patents. COM 
patents are generally considered to be more 
valuable than MOU patents, but this differ- 
ential valuation may be changing because, as 
Eisenberg points out, “Drugs are informa- 
tion-rich chemicals that in many respects are 
more akin to other information products 
(such as databases) than they are to other 
chemicals” (26). 

Classical pharmacovigilance, which is 
exclusively focused on safety issues, can 
produce information that is of considerable 
social value for patients, physicians, and 
insurers at the expense of economic value to 
pharmaceutical companies (26). Thus, repur- 
posed pharmacovigilance that is focused on 
beneficial new uses will need to be based on 
new business models [such as open-sourcing 
(27)] apart from the traditional, vertically 
integrated R&D enterprise (5). It would also 
be enabled by either patent reform by 
Congress or new doctrinal interpretations of 
current law by the FDA and the courts, as has 
already been suggested (28). 

Our proposal, to repurpose pharmacovig- 
ilance, outlines a new approach to drug and 
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biomarker discovery and suggests ways of 
overcoming the inadequate incentives of cur- 
rent business models and regulatory regimes 
that contribute to the productivity gap in 
pharmaceutical R&D. This approach lever- 
ages the talents, motivations, and resources 
of individuals and groups whose unmet med- 
ical needs are the fundamental goals of 
developing new therapies. 
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Extreme Spinning Tops 


Michael Kramer'2 


eutron stars are among the fastest 
Ne objects in the universe. They 

have diameters of about 20 km, yet 
can rotate at up to 43,000 times per second, 
resulting in speeds at the equator that exceed 
10% of the speed of light. On page 1411 of 
this issue, Archibald ef al. (1) provide evi- 
dence in support of a long-suspected evolu- 
tionary scenario in the formation of such 
extreme objects. They report observations on 
a binary neutron star consisting of a “milli- 
second radio pulsar” with a period of only 
1.69 ms and an optically identified low-mass 
companion. The intriguing and important 
detail about this binary system is that only a 
few years ago, it had been identified as a low- 
mass x-ray binary (LMXB)—a member of the 
class of systems that were long-believed to be 


interest in the evolution of such systems. Not 
only was this pulsar in a binary system, but its 
rotation period (59 ms), old age (100 million 
years), and rather low magnetic field strength 
(10'° G) also meant that it stood out from the 
known pulsar population at the time. It was 
soon proposed (3) that these properties could 
be explained by an evolutionary history dur- 
ing which the pulsar had been spun to its fast 
period by mass transfer from its companion 
(4). Then, an even more rapidly rotating mil- 
lisecond pulsar was found (5). This one was 
more radical because it had a period of only 
1.56 ms and showed no evidence of a com- 
panion. However, it was suggested that it had 
followed a similar evolutionary path, but that 
its companion had been destroyed in the 
process (6). This scenario was further sup- 


Observations of the same binary star system 
over 10 years confirm a scenario of how pulsars 
form and evolve. 


is attracted to the now radio-quiet pulsar. The 
mass accumulates into an accretion disk and 
possibly reaches the neutron star surface. These 
systems are characterized by strong x-ray emis- 
sion, predominantly in bursts (9), as the matter 
falls from the disk onto the neutron star, and 
they are detectable as LMXBs. In this process, 
mass and angular momentum are transferred to 
the neutron star, reducing its magnetic field 
while increasing its spin rate to millisecond 
periods (see the figure, panel C). Once accre- 
tion has stopped, the radio emission is reignited 
(under some as yet unknown conditions) and 
the neutron star becomes visible as a radio mil- 
lisecond pulsar (see the figure, panel D). 

A key piece of this evolutionary jigsaw 
was found when phase-coherent millisecond 
x-ray pulsations were observed in another 


Evolving/revolving. Panels (A) to (D) describe the standard evolutionary scenario 
for the formation of a pulsar binary system (see text for details). Archibald et al. find 


the progenitors of millisecond radio pulsars. 
The reported observations represent the final 
link in a chain of evidence, which was pieced 
together over the past 35 years. Moreover, it is 
one of the rare occasions in which an evolu- 
tionary scenario is being played out on a 
human time scale. 

This remarkable story begins with the dis- 
covery of the first binary pulsar, PSR 
B1913+16, by Hulse and Taylor in 1974 (2). 
While this pulsar provided the first evidence 
for the existence of gravitational radiation, 
earning the discoverers the Nobel Prize for 
physics in 1993, it also sparked an intense 
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ported with the subsequent discovery of about 
100 ms pulsars of which more than two-thirds 
were in binary systems. Most of the compan- 
ion stars are white dwarfs with a mass of 
about 0.2 solar masses (0.2M,). 

In the proposed standard evolutionary sce- 
nario for the a millisecond pulsar system (7, 8) 
(see the figure), a main-sequence star with a 
mass exceeding 8M, is in orbit with a low- 
mass ~1M, star (see the figure, panel A) and 
evolves into a supergiant star before exploding 
ina supernova and forming a neutron star that is 
visible as a radio pulsar (see the figure, panel 
B). This pulsar would then be a member of the 
standard population before finally ceasing to 
emit radio waves after tens of millions of years. 
The low-mass companion evolves much more 
slowly but will also expand and reach a point 
when its mass escapes its gravitational pull and 


the missing link, a binary system that evolves from x-ray—emitting to radio-emitting 
over a 10-year time scale, confirming the scenario proposed 35 years ago. 


LMXB (J0, //). In this and a number of sub- 
sequently observed sources, the pulsation fre- 
quency could be linked to the rotation fre- 
quency of the neutron star, indicating that an 
accretion process can spin-up a neutron star to 
millisecond periods. The fact that a transition 
to radio emission, once the x-ray emission had 
stopped, had not been seen in any of the dozen 
or so known LMXBs with millisecond peri- 
ods raised doubts that further new evidence of 
this evolutionary chain could still be found. 
However, the discovery by Archibald et al. 
closes the chain with a final piece of evi- 
dence—a radio millisecond pulsar that was, 
less than a decade ago, identified as a LMXB 
and where observational evidence for a recent 
accretion disk can still be found. Besides con- 
firming the standard scenario, there are also 
some interesting implications: The pulsar is 
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located less than 1.6 kpc from Earth, and the 
transition from LMXB to millisecond pulsar 
happened within the past 10 years. Both of 
these facts suggest that many more, similar 
systems remain to be identified. Furthermore, 
having archival observations about the state of 
the system in its x-ray—emitting phase and the 
distinct possibility that the system may revert 
to an active LMXB allow one to learn more 
about conditions that have to be met to enable 
the onset of radio emission. 

It is intriguing that the system parameters 
studied by Archibald er al. appear as textbook 
values: The orbit has a very small eccentricity, 
indicating that during the accretion period the 
expected tidal interactions circularized the 
orbit and aligned all spin vectors in the sys- 
tem. The mass of the companion lies between 
0.14 and 0.42M,, a range that is typical for 
millisecond pulsar companions. The observa- 


tions suggest that the companion is also being 
irradiated by the emission and wind from the 
pulsar, as for several other radio millisecond 
pulsars. Every little detail of the system seems 
so far to confirm the scenario that was boldly 
put forward by theoreticians 35 years ago. 
However, there remain some blanks to fill 
in. We still do not know how fast a millisec- 
ond pulsar can be spun-up by an accretion 
process, 1.e., what is the smallest spin period 
of neutron stars? The present record for the 
smallest spin period is 1.39 ms (/2), but how 
far can we go? There will be a limit given by 
the properties of superdense matter, but other 
processes such as gravitational radiation 
losses may also limit accretion torques and 
hence the maximum spin frequency (/3). 
The hunt for submillisecond pulsars is cer- 
tainly on, both in electromagnetic as well as 
gravitational wave windows to the universe. 
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At least now we can be sure that our basic 
model is correct. 
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APPLIED PHYSICS 


Novel Probes for Molecular 


Electronics 


Ernst Meyer and Thilo Glatzel 


tween the molecules and the underlying 

substrate must be minimized to ensure 
that their electronic properties are not dis- 
turbed. Insulating films or bulk insulators are 
ideal substrates in this regard. However, insu- 
lating substrates require characterization tools 
that do not depend on conductivity. One possi- 
bility is to probe molecules on ultrathin in- 
sulating films with low-current 
scanning tunneling microscopy 
(STM) (/). Alternatively, non- 
contact atomic force microscopy 
(AFM) (2) can be used to image 
molecules on insulating films or 
bulk insulators. On page 1428 of 
this issue, Gross et al. (3) use an 
extension of the latter technique to 
image adatoms on thin insulating 
films and to probe the charge state 
of these adatoms. This powerful 
tool may find applications well 
beyond molecular electronics. 

Orbital imaging of molecules 
on thin insulating films by STM 
was an important milestone, where 


I: molecular electronics, interactions be- 


the influence of the substrate on the molecular 
wave functions was found to be negligible, in 
contrast to the situation on metallic substrates 
(4). Recently, immobilized molecules were 
imaged on bulk insulators at room tempera- 
ture by noncontact AFM with submolecular 
resolution (5). However, the electronic proper- 
ties of single molecules or atoms, such as the 
charge state, were not yet accessible. 
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An extension of noncontact atomic force 
microscopy allows detection and manipulation 
of the charge states of individual atoms. 


Gross et al. now show that noncontact 
AFM not only allows single atoms or mole- 
cules to be imaged, but can also be used to 
detect the charge state of adatoms on thin 
insulating films. For this purpose, the authors 
have implemented an extension of non- 
contact AFM—called Kelvin probe force 
microscopy—at low temperatures. In Kelvin 
probe force microscopy, the electrostatic 
force is measured separately 
as a function of voltage (6, 7). 
Under appropriate measure- 
ment conditions, this method 
allows the local work function 
of the substrate to be deter- 
mined with nanometer resolu- 


Measuring charge transport in 
single molecules. Gross et al. 
show that a single molecule or 
molecular network on an insulator 
can be probed by attaching metal- 
lic adatoms, allowing single elec- 
tron charges to be injected with a 
noncontact AFM tip. Subsequently, 
the charge transport can be investi- 
gated by measuring the charge 
states of all terminal adatoms with 
Kelvin probe force microscopy. 
F is the force between the 


charge 


charge and the AFM tip. 
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tion. Gross et al. show that the method is suf- 
ficiently sensitive to distinguish the charge 
states of individual adatoms decoupled from 
the substrate by an ultrathin insulating ionic 
layer. Therefore, the authors can distinguish 
a neutral from a positively or negatively 
charged atom. 

This achievement has tremendous conse- 
quences for the field of molecular electron- 
ics. It remains extremely difficult to electri- 
cally connect single molecules and to mea- 
sure their electrical conductance. Most cur- 
rent lithography methods (8) yield metallic 
wires some tens of nanometers in diameter, 
much larger than the diameter of the mole- 
cules (typically on the order of 1 nm). This 
problem can be overcome by using geome- 
tries such as break junction experiments (9) 
and lifting up molecular or metallic wires by 
an STM tip (J0). However, these methods do 
not allow spatial and electrical information to 
be obtained simultaneously without destroy- 
ing the molecular structure. The crucial 
advance of Gross et al. is to perform their 
experiments without wiring the object of 
interest. This approach allows individual 
charges to be added to or removed from an 
atom and furthermore enables the direct 
measurement of the charge state. 

The method of Gross et al. can be ex- 
tended to molecules or molecular networks, 


where charges can be added or removed at 
specific sites of the molecules (redox sites). 
Subsequently, the whole molecule or molecu- 
lar network can be characterized by Kelvin 
probe force microscopy or optical techniques 
to investigate the charge transport or confor- 
mation changes. In a recent study, Glatzel 
et al. demonstrated the contacting of single 
molecular structures assembled on insulating 
surfaces by metal clusters as well as their 
distinction by local Kelvin probe force 
microscopy measurements (//). By combin- 
ing this approach with single atoms con- 
nected directly to the molecular structure, the 
charge transport can in principle be investi- 
gated without applying an external electrical 
current. The AFM tip can alter the charge 
state of one of the metallic terminals (see the 
figure). Afterward, the change of the charge 
states of the other terminals can be measured 
by Kelvin probe force microscopy, elucidat- 
ing the propagation of charges in the mole- 
cule or molecular network. Comparison with 
theoretical models will give the opportunity 
to learn more about the energy landscape of 
the molecules, which is probed by single 
injected electrons. 

A change of atomic or molecular charge 
state is a central feature in many chemical 
reactions. Combining the redox sites—that 
is, the metal atoms or clusters connected to 


the molecular structures—with probe micro- 
scopy therefore provides a novel tool for 
manipulating individual molecules and for 
performing chemical, electrochemical, or 
photochemical reactions with a high degree 
of control. In combination with optical exci- 
tation (/2), it will allow absorption and 
charge generation to be measured at the 
molecular scale. This method is thus not 
only of interest for molecular electronics, 
but also for catalysis, material synthesis, and 
photovoltaics. 
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MATERIALS SCIENCE 


Silicon Carbide as a Platform 
for Power Electronics 


C. R. Eddy Jr. and D. K. Gaskill 


that can be operated at elevated tempera- 

tures, silicon carbide (SiC) has been the 
material of choice. Efforts to produce single- 
crystal SiC began 30 years ago, but intrinsic 
problems in growing high-quality single- 
crystal boules free of micropipe defects— 
micrometer-scale pinholes created by disloca- 
tions—have only recently been overcome. A 
series of developments in crystal growth have 
made large-area, high-quality SiC substrates 
readily available for applications such as high- 
frequency transmitters and solid-state white 
lighting. Additional reductions in defects in the 
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active region of devices have been achieved 
through epitaxial approaches, in which single- 
crystal layers are grown on the substrate. SiC is 
now poised as the linchpin to “green energy” 
that will replace less energy-efficient switches 
now based on silicon technology. 

The choice of a semiconductor for switch- 
ing electrical currents on and off depends on 
the operating voltage and how much current 
must be controlled. Silicon is an excellent 
material for the low-power transistors used in 
microelectronics, but for high currents and 
voltages, its implementation becomes com- 
plex and thermal management issues arise. 
The fundamental properties of SiC make it a 
better choice under these conditions. 

One reason why SiC has been of funda- 
mental interest to materials scientists is that it 


Methods for growing large, defect-free silicon 
carbide crystals have enabled the fabrication 
of devices that can operate at high power. 


exists in more than 200 stacking modifica- 
tions (polytypes) (/). With the advent of 
the vapor-phase Lely growth process in 
1955, small, high-quality SiC single-crystal 
platelets (about 1 cm? in area) could be made 
(2). The most readily synthesized hexagonal 
polytypes, 4H and 6H, have a large indirect 
band gap (~3.2 eV) and a large breakdown 
electric field (2 MV cm''), as well as high 
electron mobility (900 cm? V"! s~!) and ther- 
mal conductivity (400 W m! K"!). Given 
these properties, SiC power switches should 
have performance figures of merit 10 to 100 
times those of silicon switches. 

The growth of SiC crystals presents many 
challenges. A SiC boule is typically grown by 
transporting its physical vapor to a seed crystal 
chosen to be as defect-free as possible. This 
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process requires extremely high temperatures 
(~2200°C) (3). Furthermore, impurities must 
be avoided both in the SiC feedstock and in the 
graphite insulation used in the growth reactor. 
Variations in the atomic ratio of Si to C in the 
vapor phase that arise from feedstock granular- 
ity must be minimized during growth. Radial 
and axial thermal profiles in the reactor and 
boule must be controlled to avoid polycrys- 
tallinity, grain boundary formation, and other 
defects in the lattice. Because the understand- 
ing of materials properties at these extreme 
temperatures is incomplete, 
boule growth modeling ef- 
forts must be based on extra- 
polated parameters. Last, all 
of the challenges of growing 
good-quality SiC boules in- 
crease as the diameter of the 
substrate increases. 

The challenges do not 
end once the single crystal is 
grown, because the lattice 
structure of the boule tends 
to replicate any defects in the 
starting seed crystal. Defects include basal 
plane dislocations (BPDs) that shift atom loca- 
tions within that plane, and threading screw 
dislocations (TSDs) that shift atoms out of the 
basal plane and stack them in a spiral arrange- 
ment. Micropipes are larger-scale screw dislo- 
cations that create a pinhole through the sub- 
strate. These extended defects can occur with 
such high densities (up to 10,000 per square 
centimeter) that there is no usable area on the 
crystal surface to fabricate a working device. 

Fortunately, at the high growth tempera- 
tures used, most dislocations have some mobil- 
ity, and their interactions can cause them to can- 
cel or “annihilate.” The higher-quality part of 
the boules can then be used as better seed crys- 
tals. This slow but steady improvement in seed 
crystals and boule growth control has made 
larger-diameter, higher-quality wafers com- 
mercially available. Five years ago, only 50- 
mm-diameter SiC substrates were available, 
and today, 100-mm-diameter wafers are avail- 
able (4). Expansion to 150-mm diameter would 
lead to substantial cost reductions because 
modern compound semiconductor processing 
equipment is designed for these larger wafers. 

The bigger payoff that has occurred during 
this evolution in size has been a reduction in 
defects. In particular, the “killer defect” that 
has hampered the development of SiC 
devices, the micropipe, has been practically 
eliminated (5); commercially available wafers 
now have micropipe densities less than 1 cm 
and are, in some cases, “micropipe free.” 

The current focus is on the reduction of 
BPDs, which are now the most important 
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defects to eliminate, as well as TSDs. BPDs 
have deleterious effects on device perform- 
ance, particularly for high-voltage bipolar 
devices. The lc type of TSD has been linked 
to leakage in the common vertical device 
structures used in high-voltage power 
switches and diodes. 

The BPDs propagate from the substrate 
into the epitaxial layers because the substrates 
must be offcut from the basal plane in order to 
maintain polytype control. The TSDs will 
propagate into the epitaxial device region inde- 
pendent of any offcut. In 
either case, it is highly desir- 
able to reduce the densities 
of the extended defects in 
the active epitaxial layers. 
Reducing BPDs and TSDs 
to the desired level through 
boule manufacture alone 
will require extremely tight 
control on thermal gradi- 
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ents over larger dimensions at these extreme 
growth temperatures. Complementary appro- 
aches to develop epitaxial methods that can 
reduce BPD and TSD densities early in the 
growth process, and keep them out of the 
active regions of power devices, have shown 
considerable promise. 

Using two epitaxial methods compatible 
with the manufacturing process (6, 7), BPD 
densities have been reduced to the desired 
level of <1 cm’, although epitaxial appro- 
aches have not yet been implemented in the 
fabrication of device structures. Epitaxial 
approaches can also reduce propagation of 
TSDs from the substrate to the epilayers (8) 
and can keep such defects out of the active 
region of devices. Current efforts aim to 
reduce BPDs and TSDs to densities at or 
below 1 cm both in boule manufacture and 
in epitaxial growth. 

With the recent advances in SiC substrate 
quality, high-performance radio-frequency 


Progress in the development of SiC substrates. (A) SiC boule growth has advanced during the past 5 years 
to permit larger-diameter wafers with vastly improved quality [a 3-inch (76-mm) boule is shown]. (B and C) 
X-ray diffraction symmetric reflection peak width maps, ranging from 12 (black) to 120 arc sec (red) are 
shown in millimeters from the wafer center. Reduced peak widths in (C) demonstrate recent improvements in 
crystalline quality and uniformity. (D) Basal plane and threading screw dislocation reduction (white lines and 
dots, respectively, in the ultraviolet photoluminescence image) are detrimental to electronic device perform- 
ance. (E) Recent bulk and epitaxial growth approaches have combined to yield sufficiently large (1 cm?) areas 


free of basal plane dislocations (6, 7). 
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devices, based either on SiC or on gallium 
nitride grown epitaxially on SiC, have 
become practical for use in advanced com- 
munications and radar systems. In addition, 
SiC wafers have been shown to be an ef- 
fective vehicle for realizing large-area 
graphene films that may find application 
in terahertz devices and next-generation 
microprocessors. 

The elimination of micropipes, when 
accompanied by reductions in BPDs and 


TSDs, suggests that high-voltage, high- 
current SiC electronic switches with in- 
creased efficiencies may be on the horizon. 
These types of devices will have a direct 
impact on energy conversion and distribu- 
tion systems, as well as on electromechani- 
cal conversion processes that now rely on 
less efficient technologies. 
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CANCER 


Breaching the Cancer Fortress 


Peter Olson and Douglas Hanahan 


he predominant and invariably lethal 
form of pancreatic cancer—ductal 
adenocarcinoma—is characterized by 
an enveloping fibrotic stroma of excessive 
connective tissue and cells that forges rock- 
hard tumors. These tumors are refractory to 
essentially all therapies; gemcitabine, the 
standard-of-care chemotherapeutic drug, 
extends survival by only a few weeks. It has 
long been surmised that these pathological 
and clinical features are interconnected. On 
page 1457 in this issue, Olive eral. (J) confirm 
this notion, showing that cancer-associated 
fibroblasts in pancreatic ductal adenocarci- 
noma are responsible for a poorly vascularized 
architecture that imposes a barrier to drug 
delivery. Removing these fibroblasts stimu- 
lated the formation of new blood vessels 
(angiogenesis), improved drug delivery, and 
extended life span in a de novo mouse model 
of the disease. This study defines biophysical 
properties endowed by the tumor microenvi- 
ronment that contribute to its therapeutic 
intractability and raises new questions about 
the role of the microenvironment in the devel- 
opment of this uncontrollable cancer. 

Olive et al. noted that tumors from a de 
novo mouse model of pancreatic ductal ade- 
nocarcinoma responded poorly to gem- 
citabine, mimicking the clinical experience. 
However, transplanted tumors that were gen- 
erated from cell lines derived from these 
tumors were remarkably sensitive to the drug. 
Transplanted tumors lacked the abundant 
fibrotic response present in human and de 
novo mouse tumors, in which epithelial can- 
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Pancreatic tumors are poorly vascularized, 
suggesting that new therapeutic strategies 
are needed. 
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Barrier to drug delivery. In pancreatic ductal adenocarcinoma, cancer cells are surrounded by a fortress 
of desmoplastic stroma composed of cancer-associated fibroblasts and inflammatory cells along with copi- 
ous amounts of extracellular matrix components. This assemblage impedes angiogenesis, limiting drug 
delivery. (Inset) The secreted factor Hedgehog sustains this stromal environment. Inhibition of Hedgehog 
signaling eliminates cancer-associated fibroblasts, thus increasing angiogenesis and vascular delivery of 


chemotherapeutic drugs. 


cer cells are surrounded by large swathes of 
activated fibroblasts, immune cells, blood 
vessels, and extracellular matrix compo- 
nents—a “fortress” collectively referred to as 
the desmoplastic stroma (see the figure) (2). 
The tumor microenvironment is thought to 
promote an ample vasculature to fuel tumor 
growth. However, in the de novo mouse 
model, blood vessels were sparse, only par- 
tially functional, and were physically sepa- 
rated from the epithelia by stroma. Two imag- 
ing techniques confirmed that blood flow was 
low in these tumors, and delivery of the natu- 
rally autofluorescent anticancer drug doxoru- 
bicin was decreased compared with delivery 
to transplanted tumors or normal tissue. 
Cancer-associated fibroblasts promote 
tumor growth and angiogenesis in other tumor 


types (3-5). Surprisingly, cancer-associated 
fibroblasts in pancreatic ductal adenocarci- 
noma were responsible for the sparse vascula- 
ture and poor drug delivery. These cancer 
cells signal in a paracrine fashion to fibro- 
blasts via the secreted factor Hedgehog. Olive 
et al. treated mice with de novo tumors with a 
pharmacological Hedgehog inhibitor alone 
and in combination with gemcitabine. There 
was equivocal survival benefit with Hedge- 
hog inhibitor therapy, and only a few weeks 
of added survival with the combination. 
Nevertheless, the Hedgehog inhibitor largely 
eliminated fibroblasts, while vascular endo- 
thelial and other cell types proliferated. The 
results suggest that cancer-associated fibro- 
blasts in pancreatic ductal adenocarcinoma 
limit the formation of new blood vessels, with 
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poor drug delivery an unfortunate but inci- 
dental consequence. 

Is it possible being poorly vascularized is 
advantageous for tumor growth? Though it is 
not obvious why a tumor would prefer to be 
starved for oxygen and nutrients, clues are 
emerging that this environment can promote 
malignant phenotypes. Hypoxia can drive 
genomic instability and lead to a more ag- 
gressive tumor phenotype (6, 7), which may 
explain the highly metastatic nature of pan- 
creatic ductal adenocarcinoma. Additionally, 
low blood-vessel density and high interstitial 
pressure may prevent host-derived factors 
(e.g., cells and/or molecules, akin, in princi- 
ple to anticancer drugs) from reaching the 
tumor in sufficient quantities to exert an anti- 
tumor effect (8, 9). Notably, the effects of the 
Hedgehog inhibitor proved transitory, fol- 
lowed by restoration of the hypovascular 
state, suggesting that the hypovascular, stro- 
mal-rich microenvironment is functionally 
important for the biology of pancreatic ductal 
adenocarcinoma. 

Stimulating angiogenesis to treat pancre- 
atic cancer, in the context of disrupting the 
desmoplastic fortress, is seemingly counter- 
intuitive. Targeting tumor vasculature to 
improve blood flow and drug delivery is 
not new (/0). However, previous theories 
posited that angiogenesis inhibitors can 
“normalize” tumor vasculature by pruning 
back immature vessels, thereby improving 
delivery of anticancer drugs to the tumor. By 


contrast, Olive et al. show that Hedgehog 
inhibition actually induced angiogenesis to 
improve drug delivery. 

The predominant stroma and sparse vas- 
culature in pancreatic ductal adenocarci- 
noma could be envisioned as a barrier to 
metastasis; hence the increased vasculariza- 
tion consequent to Hedgehog inhibitor ther- 
apy might be expected to spur metastasis. 
On the contrary, however, Hedgehog inhibi- 
tion decreased metastatic frequency (//). 
Notably, a minority of pancreatic cancer 
cells express much higher amounts of 
Hedgehog and are 100 times more tumori- 
genic than the majority population (/2—/4). 
Perhaps these rare pancreatic cancer cells 
engage Hedgehog signaling as part of a 
metastatic program and, thus, are impaired 
by Hedgehog inhibition. 

A somber lesson from this study is the 
eventual failure of the combined gem- 
citabine plus Hedgehog inhibitor therapy, 
which extended life span by only 2 weeks. 
The hypovascular state was restored upon 
relapse, although the effects on the stroma 
are unclear. Multiple cell signaling pathways 
have been implicated in orchestrating the 
desmoplastic stroma, including transforming 
growth factor—B, platelet-derived growth 
factor, and various cytokines (/3, /5). Thus, 
Hedgehog inhibition may transiently elimi- 
nate pancreatic cancer—associated fibro- 
blasts until alternative signaling pathways 
are activated to restore the desmoplastic 
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stroma, reflecting another form of adaptive 
resistance to targeted therapies (/6). 

Numerous conventional clinical trials 
with a variety of anticancer drugs have 
failed to make substantial inroads in treating 
pancreatic ductal adenocarcinoma. There is 
reason to hope that authentic mouse models 
of this cancer could provide a more effective 
means to define mechanisms and flight test 
new therapeutic strategies involving mecha- 
nism-based drugs in different sequences, 
and layered combinations. The approach 
taken by Olive et al. represents a step in the 
right direction. 
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Yield Stress Fluids Slowly Yield 


to Analysis 


Daniel Bonn'2 and Morton M. Denn? 


e are surrounded in everyday life 

\ \ / by yield stress fluids: materials that 
behave as solids under small 

stresses but flow like liquids beyond a critical 
stress. For example, paint must flow under the 
brush, but remain fixed in a vertical film 
despite the force of gravity. Food products 
(such as mayonnaise), other consumer prod- 
ucts (such as toothpaste), concrete, and even 
radioactive nuclear waste sludge exhibit yield 
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stresses. The yield stress may serve to keep 
particulate fillers from settling, as in many 
consumer products and gelled propellants, or 
determine whether bubbles remain trapped in 
cement. For handling and using these materi- 
als, it is paramount to know the stress at which 
the material starts to flow, but a consensus on 
the mechanical behavior of these materials is 
only slowly emerging. 

Yield stress materials have been studied for 
nearly a century (/). In the classical descrip- 
tion, initiated by Bingham, there is no flow 
(infinite viscosity) if the shear stress is less 
than a critical value (the yield stress), and the 
stress is amonotonically increasing function of 
the shear rate above that value. In practice, 
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The behavior of a type of complex fluid 
(exemplified by mayonnaise and concrete) 
can depend on the sample's flow history. 


however, measurement of the shear stress as a 
function of shear rate is fraught with difficulty 
(2, 3). Apparent wall slip due to heterogeneity 
and the contribution of nondissipative elastic 
stresses are obvious and well-known experi- 
mental problems (although the latter is rarely 
considered), but they do not explain why dif- 
ferent measurements often give very different 
yield stresses for the same material. Despite 
the practical importance, there is no reliable 
way at present to predict the onset of flow. 
Indeed, there has been a discussion in the rheo- 
logical literature for two decades as to whether 
a “true” yield stress even exists. 

Perhaps the main difficulty with much of 
the literature on yield stress fluids is the prevail- 
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COLLOIDAL GEL AT REST 


Watching the yield stress disappear in a “thixotropic” system. The same colloidal gel is shown at rest (A) and just 
after flow (B). In (A), a clear percolated structure can be observed. This material has a yield stress of ~5 Pa. In (B), the 
gel has broken into many smaller flocs. The material no longer has a measurable yield stress. Particle diameter, 1.3 um. 


ing presumption that the solid-liquid transition 
occurs at a single invariant stress. This assump- 
tion ignores the fact that the microstructure 
may adjust dynamically when flow begins. In 
many systems, such as clay suspensions, the 
yield stress is due to an internal (percolated) 
structure that is broken down by the flow (see 
the figure). As the microstructure is degraded, 
the viscosity may drop rapidly, and the stress 
required to initiate flow may then be much 
higher than that required to maintain it. 

Such a “thixotropic” response, in which the 
viscosity decreases monotonically with time 
under shear, can lead to avalanche behavior at 
high imposed stresses, as observed, for exam- 
ple, in colloidal gels (4). Conversely, at low 
flow stresses the structure may rebuild, leading 
to an increase in both viscosity and yield stress. 
These competing processes are seen in many 
other soft materials, including pastes, colloidal 
glasses, and polymer gels, and are commonly 
referred to in the soft condensed-matter litera- 
ture as shear rejuvenation and aging, respec- 
tively. The competition between aging and reju- 
venation depends on stress; in a bentonite clay 
suspension, for example, there is unbounded 
growth in the viscosity below a critical stress 
(aging beats rejuvenation) but an asymptotic 
approach to a low viscosity above the critical 
stress (rejuvenation wins). This phenomenon 
has been dubbed viscosity bifurcation (4). 

What does this mean for the debate 
whether true yield stress materials exist? Is the 
viscosity really infinite below the yield stress, 
or just very high? Foams, emulsions, and 
Carbopol gels (such as hair gel) are probably 
closest to “ideal” yield stress materials, 
because they do not usually show measurable 


COLLOIDAL GEL AFTER FLOW 


rejuvenation or aging; in these cases, a yield 
stress may be a material property. In contrast to 
thixotropic systems like the clay suspension, 
these systems are made up of very dense pack- 
ings of soft particles (bubbles in foams, drops 
in emulsions, and microgels in Carbopol gels). 

Carbopol gels have been cited as exam- 
ples of apparent yield stress materials that 
flow with a very high viscosity at low 
stresses and never become true solids—and 
hence are not “true” yield stress fluids (/). 
However, recent careful measurements on 
Carbopol gels, foams, and emulsions show 
that the apparent high viscosity reported at 
low stresses is an experimental artifact 
resulting from the transient viscoelastic re- 
sponse of the materials (5). 

The distinction between thixotropic and 
ideal yield stress materials thus resolves the 
engineering problem of the yield stress: 
Reproducible experimental determination is 
feasible, but requires taking the shear history 
of the sample into account if the material is 
thixotropic. Ideal yield stress materials do not 
flow at all below a critical applied stress. 

The remaining fundamental issue about the 
flow properties of these materials has to do 
with the homogeneity of flow. For ideal yield 
stress fluids, the classical Bingham description 
predicts “shear banding” when a stress gradi- 
ent is present: There should be a region of 
sheared liquid where the stress exceeds the 
yield stress, and a solid layer where the stress is 
at or below the critical value. In contrast, in 
thixotropic yield stress materials shear band- 
ing is observed below a critical shear rate even 
in a homogeneous stress field (6). Due to the 
competition between aging and rejuvenation, 


the transition from flow to rest hap- 
pens discontinuously. This observa- 
tion implies the existence of not only a 
critical stress, but also a critical shear 
rate: the lowest shear rate for which 
rejuvenation wins out over aging (6). 

Most fundamental and engineer- 
ing problems for yield stress materials 
thus seem to be resolved by distin- 
guishing between thixotropic and 
ideal materials, and it should in princi- 
ple be possible to predict velocity and 
stress distributions in flows that are 
more complex than simple one- 
dimensional shear. Such prediction 
may, for example, help to determine 
whether air bubbles will be trapped in 
poured concrete or will rise (7, 8), an 
important factor in the structural 
integrity of buildings. 

However, in practice, it is very dif- 
ficult to model even the generic 
example of flow about a solid sphere 
falling in an ideal yield stress fluid (9, 70). The 
location of the yield surface where flow can 
occur is not known a priori. Therefore, numer- 
ical schemes are difficult to implement 
(10-12), and conventional approximations 
used in classical fluid mechanics may break 
down (/3). In the few direct comparisons 
between computed and experimental velocity 
fields for the falling sphere, the agreement is 
poor (/4), probably because the yielding 
process in the experimental fluids is not ade- 
quately described by the models. Much funda- 
mental work thus remains to be done. 
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Comprehensive Control of 


Atomic Motion 


Mark G. Raizen 


Recent work provides a general two-step solution to trapping and cooling of atoms. The first 
step is magnetic stopping of paramagnetic atoms with the use of a sequence of pulsed fields. The 
second step is single-photon cooling, which is based on a one-way barrier. This cooling method is 
related intimately to the historic problem of “Maxwell’s Demon” and subsequent work by L. Szilard. 
Here, | discuss the connections between single-photon cooling and information entropy. | also 
outline future application of these methods to fundamental tests with hydrogen isotopes. 


rapping and cooling of atoms in the gas 
[mes has been a major area of research 

for over 30 years, motivated by the pos- 
sibility of more precise spectroscopy, tests of 
fundamental symmetries, and the study of many- 
body physics. To date, the standard method has 
been laser cooling, which relies on momentum 
kicks that are imparted to atoms by repeated cycles 
of photon absorption followed by spontaneous 
decay (/). Despite the enormous success of laser 
cooling, it has been limited to a rather small set 
of atoms in the periodic table because of two 
constraints. First, a simple two-level transition is 
required so that an atom can absorb a resonant 
photon and spontaneously decay back to the 
same state, enabling many cycles of the process. 
Second, the transition must be accessible with 
tunable lasers. These two constraints exclude 
most of the periodic table, as well as any mol- 
ecules, because of the generally complicated 
multi-level energy structure. To sharpen this point, 
the simplest atom in the periodic table, hydrogen, 
is not amenable to laser cooling because of the 
lack of appropriate lasers in the far-ultraviolet 
region of the spectrum. The case of hydrogen is 
already compelling for fundamental physics: Pre- 
cision spectroscopy of hydrogen isotopes (H, D, 
and T) would benefit enormously from trapping 
and cooling methods. Such methods would also 
enable precision measurement of beta decay of 
atomic tritium and would enable a breakthrough 
in the long-standing quest to study anti-hydrogen. 
Why should we be interested in general methods 
beyond hydrogen? One reason is that they could 
be an attractive alternative to standard laser cool- 
ing, especially for light alkalis such as lithium or 
sodium. Another reason is that there is a growing 
list of atoms that have been proposed for funda- 
mental tests or applications (several examples are 
As, Co, Dy, Fe, Ga, In, and Ra). One thing is 
clear: Comprehensive methods of cooling and 
trapping will stimulate the scientific community to 
study other atoms, and it is very likely that these 
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will lead to new discoveries. In this article, I re- 
view recent results that provide a comprehensive 
two-step solution to trapping and cooling of 


Bs /\ 


almost any atom in the periodic table. I then 
describe how these methods will be applied to the 
special case of hydrogen isotopes. 


From Room Temperature to Sub-Kelvin 


The starting point for atoms in the laboratory is 
typically room temperature, where they are often 
in the solid phase. They can be converted to the 
gas phase either by heating in an oven or by laser 
ablation. The first question is how to cool the 
atoms from room temperature to a fraction of a 
degree Kelvin without the advantage of laser 
cooling. Rather than answer that directly, I follow 
with another question: What is the one property 
of atoms that is nearly universal? The answer is 
magnetism. Nearly all atoms (in their ground or 
first metastable electronic state) exhibit para- 
magnetism due to an unpaired electron in the 
outer orbital. This has led to cooling of atoms by 
using helium as a cryogenic buffer gas and then 


Fig. 1. Experimental set-up for the atomic coilgun. (Top) Photo of the assembled coilgun, head on 
and illuminated from the back. (Bottom) Schematic of the 64-stage coilgun. 
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trapping them magnetically at a field 
minimum created inside the cryo- 
stat. This method, known as buffer 
gas cooling, can work on any para- 
magnetic atom or molecule and has 
been used in a range of experiments 
over the past decade (2-4). The 
drawbacks of this method are the 
high cost and complexity of cryo- 
genic methods and the limited op- 
tical access. It has been recognized 
that it would be extremely valuable 
to be able to trap atoms at similar 
temperatures, but in a simple vacu- 
um chamber that can afford better 
optical access. 

The starting point for these ex- 
periments is the supersonic mo- 
lecular beam, which has been the 
workhorse of physical chemistry for 
many years (5). In these devices, a 
high-pressure (multi-atmosphere) 
inert gas expands through a small 
aperture into vacuum and undergoes 
adiabatic cooling. The properties of 
such beams are notable, as they are 
nearly monoenergetic, with a rela- 
tive velocity spread of less than 1% of the mean 
velocity. In the co-moving frame, the temperature 
of the gas is in the range of tens of millikelvin. 
This distribution is clearly nonthermal, as it has 
a large forward velocity. Supersonic beams are 
typically operated in a pulsed mode with an ac- 
tuated valve so that vacuum can be maintained 
without too large a gas load. The pulsed source is 
therefore a “bullet” of gas-phase atoms traveling 
down the chamber at a very well-defined veloc- 
ity, launched at the precise opening time of the 
valve. The supersonic beam serves as a universal 
platform for cold but fast atoms or molecules: 
The carrier gas can be “seeded” with another spe- 
cies if it is already in the gas phase. Alternatively, 
atoms or molecules can be entrained into the flow 
near the output of the supersonic valve by laser 
ablation of a nearby target. Further downstream 
(typically 10 cm or more), the two species de- 


Atom flux (arbitrary units) 


switched off. Due to conservation 
of energy, the amount of the kinetic 


energy lost is equal to the energy 
shift, induced by the magnetic field. 
In the ideal operation of the atomic 
coilgun, the width of the velocity 
distribution is not changed, but the 
mean velocity in the laboratory frame 
is removed. This 1s not a cooling pro- 
cess but simply a translation in ve- 
locity space. After stopping the 
atoms, they can be confined in a 
magnetic trap. The timing of the 
coils can be optimized following 
the method of phase stability, as first 
developed for synchrotrons (/0, //). 


Time (ms) 


Fig. 2. Magnetic stopping of a supersonic beam of metastable neon with 
an atomic coilgun. The metastable atoms are detected in time-of-flight, 
and their delay after the firing of the valve is measured in milliseconds. 
The initial distribution (A) had a velocity of 447 m/s. The final distribution 
(B) had a velocity of 56 m/s that was required to direct the atoms to the 
detector (13). 


couple collisionally as they expand, and the den- 
sity drops. This led us to propose that paramagnetic 
atoms could be stopped with the use of a series of 
pulsed electromagnetic coils (6). The principle of 
magnetic deceleration is conceptually simple and 
bears close resemblance to a coilgun, which is used 
to launch macroscopic ferromagnetic projectiles by 
fast switching of electromagnetic coils. The atomic 
coilgun also has some similarities to the Stark de- 
celerator, which uses pulsed electric fields to stop 
supersonic beams of polar molecules (7-9). 

For the case of atoms, they can be classified in 
terms of their response to external magnetic fields. 
Atoms in low-field—-seeking states minimize their 
potential energy by going to a lower magnetic 
field. Consider an atom entering an electromag- 
netic coil, climbing a potential hill and slowing 
down. When the atom reaches the top of the 
magnetic hill, the magnetic field is suddenly 


There is a trade-off between the 
number of stages in the coilgun and 
the total flux of atoms that can be 
stopped. In general, a low phase angle 
corresponds to turning off the coils 
before the atoms reach the peak 
magnetic field, making the process 
more stable. Following the concep- 
tual development and design stage, 
the coilgun was constructed, and the 
experimental set-up is shown (Fig. 1). 
A beam of metastable neon, as well as a beam 
of molecular oxygen, were stopped (/2—/4), and 
representative data with neon is displayed (Fig. 
2). Parallel and independent work demonstrated 
stopping of atomic hydrogen (/5—/7). 

Once the atoms are stopped, they can be trapped 
in static magnetic fields that create a field min- 
imum. Such coils are used to store ultracold atoms 
after laser cooling and are the typical starting point 
for Bose-Einstein condensation experiments. The 
simplest configuration is to have two coils with 
currents running in opposite directions, known as 
an anti-Helmholz pair. This creates a point in the 
center where the magnetic field is zero and in- 
creases in all directions. 


Single-Photon Cooling 


After the atoms are magnetically trapped, the 
next question is how to cool them further, from 


Fig. 3. Illustration of single-photon cooling in one dimension. The 
potential is from a magnetic trap. The one-way wall is swept from the left, 
catching atoms near their classical turning points. As they cross the wall, 


the atoms change state, as indicated by the change in color from red to 
blue. In (A), the wall is to the left of all of the particles, in (B), some 
particles are captured, and in (C), all of the particles are captured. 
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tens of millikelvin. This temperature is still very 
far from the limits reached by laser cooling and 
would not be very interesting without a way to go 
lower. One possible approach is to use evap- 
orative cooling, whereby the hottest atoms are 
ejected from the trap, and the remaining atoms 
reequilibrate by collisions. However, in most cases, 
the initial density produced with this method is 
small, resulting in very long re-equilibration times 
and making it impractical to realize evaporative 
cooling during the trap lifetime. The other poten- 
tial problem with evaporative cooling is that the 
trapped, low-field—seeking atoms can collide and 
change to high-field seekers that are ejected from 
the trap. 

The approach I took was inspired 
by a seemingly unrelated question: 
Is it possible to make a barrier or 
wall for atoms that is “one-way”? 
In other words, atoms impinging 
from one direction can pass through, 
whereas atoms coming from the 
other directions are turned back. 
This one-way operation occurs in 
nature; for example, ion channels 
in cell membranes that regulate 
flow and maintain osmotic pressure. 
The question is posed here with re- 
spect to atoms in gas inside a vac- 
uum chamber, which is quite different 
than anything that occurs in biolo- 
gy. Surprisingly, the answer is yes, 
as was shown in a series of papers 
four years ago (/8—2/). The basic 
construction is to combine a conserv- 
ative potential with an irreversible 
step. The conservative potential is, 
in general, created by electromag- 
netic fields, which hold the atoms 
away from the walls of the vacuum 
chamber. The two viable possibil- 
ities are magnetic fields or light. 
The former was discussed earlier in 
the context of the atomic coilgun. 
The latter is most familiar in the 
context of optical tweezers. These 
are focused beams of light that create 
an attractive or repulsive potential 
for atoms, depending on whether 
they are tuned to the red or blue of 
an atomic transition. The irreversible step for an 
atom is absorption of light at a specific wave- 
length, followed by spontaneous decay to a 
different internal state. 

Showing how the one-way wall can be used 
to cool translational motion is interesting. The 
principle of operation is best illustrated for a one- 
dimensional (1D) central potential (such as a 
magnetic trap) (Fig. 3). Initially, particles are 
contained in the main trap, and a one-way wall is 
placed in the wings. Atoms reaching that region 
are at their classical turning points where they 
have converted all their kinetic energy into po- 
tential energy. After passing through the one-way 
wall, they are trapped by scattering a single photon 
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that changes the internal state. As the one-way 
wall is swept from the left, all of the atoms are 
captured. This method is called single-photon 
cooling, because the trapping process is accom- 
plished via a single-photon scattering event. Laser 
cooling, in contrast, entails multiple cycles of scat- 
tering. A three-level model is the simplest example 
where single-photon cooling works; however, 
any multi-level structure is possible. Ironically, the 
only case that cannot work is a two-level atom, 
which is the prerequisite for laser cooling. An- 
other point to emphasize is that although particle 
motion is in three dimensions, trap ergodicity can 
couple these degrees of freedom so that cooling in 
one direction can be sufficient. 


>m 


Fig. 4. Schematic of transitions in atomic hydrogen. The 1S ground state is 
split into two hyperfine states (F = 1 and F = 0), separated by 1.42 GHz. The 
F = 1 state is split into three states as a function of magnetic field, denoted 
with “B.” A two-photon transition near 243 nm excites the atoms to the 2S 
state. This state is coupled to the 2P state, which decays by emitting a Lyman 
alpha photon near 121 nm. The energy axis is not to scale. 


One proposal for the one-way barrier was a hy- 
brid magnetic/optical approach, and this method led 
to efficient cooling of atoms (22—24). Subsequently, 
an all-optical method following the orginal pro- 
posal was demonstrated, although it could not be 
used for cooling due to the lasers being close to 
atomic resonance where heating dominates (25). 

An all-magnetic approach can improve the 
cooling effect by providing a 2D trapping surface 
that catches nearly all the atoms near their turning 
points (26). Although these experiments prove 
the viability of single-photon cooling, they were 
still performed on rubidium atoms where standard 
laser is possible. The next step is to implement 
single-photon cooling for atoms that are not ame- 
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nable to laser cooling. Atomic hydrogen is the 
most compelling case. Before describing these 
future directions, I make a historical digression to 
understand the fundamental nature of single- 
photon cooling in terms of information entropy. 


Maxwell's Demon and the Szilard Engine 


In 1871, James Clerk Maxwell proposed a thought 
experiment that is still a topic of controversy and 
discussion today (27, 28). He considered a cham- 
ber with gas particles separated by a wall with a 
trap door. Maxwell envisaged an “intelligent 
being with deft hands” who could see the coming 
and going of particles and open or close the trap 
door appropriately. This creature became known 
as “Maxwell’s Demon” and appeared 
to violate the second law of thermo- 
dynamics, as the Demon could 
lower the entropy of the gas without 
doing any work. The resolution to 
this paradox took many years to 
evolve, and the most important 
contribution was by L. Szilard (29). 
He first proposed an engine that 
could run from a single heat bath 
using the Demon, in clear violation 
of the second law (30, 3/). The 
resolution Szilard proposed was that 
the Demon collects information every 
time that the trap door is opened. This 
information, he argued, carries en- 
tropy that exactly balances the en- 
tropy decrease of the gas, thereby 
saving the second law. The concept 
that information has real physical 
meaning was arguably the start of 
modem information science. The 
role of information in cooling has 
been the topic of much discussion 
over the years and was the basis for 
stochastic cooling of charged par- 
ticles in accelerators (32). However, 
the information content and overall 
efficiency in that case is extremely 
small, as only a small pick-up coil is 
used to detect the particle motion 
and a fast electronic feedback loop 
was required. 

I now return to single-photon cool- 
ing and examine its connection with 
Maxwell’s Demon. A theoretical analysis shows 
that, as each atom scatters one photon, infor- 
mation is provided about the turning point and 
the energy of that particle. A calculation of the 
entropy increase of the radiation field scattered 
from a directional laser into a random direction 
shows that, in fact, it exactly balances the entropy 
reduction of the atoms as they are trapped with 
the one-way wall (33, 34). Therefore, single- 
photon cooling is a physical realization of Maxwell’s 
Demon. The demon, in this case, is particularly 
simple and efficient: a laser beam that induces an 
irreversible process and scatters one photon from 
the beam. Such a demon is certainly not an in- 
telligent being, yet it does not need an active 
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feedback loop. The fact that the information is 
available and can in principle be collected is 
enough. 


Future Directions 


The possibility of trapping and cooling almost 
any atom in the periodic table will undoubtedly 
open new areas of research. The same methods 
should also work on any paramagnetic molecule, 
which will enable the study of ultracold chemis- 
try (26). Here I concentrate on the simplest atom 
in the periodic table, hydrogen, and show that 
new tests of fundamental physics become possible. 

Hydrogen is the most abundant element in the 
universe and serves as the Rosetta Stone of phys- 
ics. The two other isotopes of hydrogen are deu- 
terium, with one neutron, and tritium, with two 
neutrons. There is a long and rich history of ex- 
periments on atomic hydrogen and related theory. 
The story starts with the measurement and ex- 
planation of hydrogen spectra, one of the first 
major successes of quantum mechanics. The story 
continues with the Lamb shift and the triumph of 
quantum electrodynamics, still the best tested 
theory today. In recent years, trapping and cool- 
ing of hydrogen was accomplished with heroic 
efforts using a dilution refrigerator and evapora- 
tive cooling (35). The pinnacle of quantum control, 
Bose-Einstein condensation, was even achieved 
with hydrogen (36). These trapping methods have 
not been extended to deuterium or tritium and 
have now been discontinued. Further progress 
hinges on new methods to trap and cool hydro- 
gen isotopes in a simple room temperature ap- 
paratus. In parallel, ultrasensitive spectroscopy 
on hydrogen and deuterium beams has reached 
an exquisite level of precision due to the advent 
of the frequency comb (37, 38). 

The methods described above are perfectly 
suited to trapping and cooling of all three isotopes 
of hydrogen. The starting point will be a super- 
sonic beam of molecular hydrogen in a neon 
carrier gas. The molecules will be dissociated 
with a discharge near the nozzle, and the atomic 
coilgun will stop the atoms and confine them in a 
magnetic trap. In fact, hydrogen has already been 
stopped and trapped with a coilgun (/7). The 
structure of hydrogen is ideally suited to single- 
photon cooling, although it requires a laser near 
243 nm to drive a two-photon transition to a meta- 
stable 2S state (Fig. 4). The atoms in the F'= 0, 
m = 0 state will be optically trapped in a standing 
wave of light inside a build-up cavity. 

One of the first goals with trapped hydrogen 
isotopes will be to push the current limits of 


ultrahigh precision spectroscopy, especially needed 
for tritium. More importantly, trapping and cool- 
ing of atomic tritium may hold the key to the 
determination of the neutrino rest mass, one of 
the most pressing questions in modern physics. A 
recent concept paper showed how a sample of 
trapped ultracold tritium serves as an ideal system 
for neutrino mass measurement by kinematic 
reconstruction of the recoiling electron in coinci- 
dence with the recoiling helium ion (39). 

The same methods will also work for trapping 
and cooling of anti-hydrogen (40, 4/). In this case, 
the supersonic beam method cannot be used as the 
starting point. Instead, a beam of anti-hydrogen 
could be generated by launching anti-protons 
through a positron cloud and then stopped and 
cooled with our methods. Experiments with anti- 
hydrogen will be able to answer the simple ques- 
tion: Does anti-matter fall the same way as matter? 
Such experiments can also test charge-parity-time 
reversal invariance, believed to be a fundamental 
symmetry of nature. These examples illustrate that 
hydrogen and its isotopes hold the key to many 
unanswered questions about the universe. 

In the short term, work will concentrate on 
optimizing the efficiency of the atomic coilgun. 
The first possible improvement is to mode-match 
the incident beam to the coilgun by magnetic fo- 
cusing. I am also investigating the possibility of 
an adiabatic magnetic slower in which the atoms 
would be trapped in three dimensions throughout 
the entire stopping process. This would then pre- 
serve the initial phase space density, translating 
the atoms to rest in the laboratory frame. The case 
of single-photon cooling must be further devel- 
oped, and the limitations of the method have to 
be studied. For example, the density limit has not 
been reached and must be studied further. A 
quantum analysis of single-photon cooling has 
not yet been developed. The temperature that can 
be reached is limited to the photon recoil, as op- 
posed to evaporative cooling that has no such 
limit. I envisage that single-photon cooling is 
most suitable as the first stage, followed by 
evaporation in an optical trap to reach quantum 
degeneracy. 
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Herapathite 


Bart Kahr,* John Freudenthal, Shane Phillips, Werner Kaminsky 


in the history of optics as is herapathite, first 

prepared when an assistant to the toxicol- 
ogist William Bird Herapath precipitated metallic- 
reflecting, needle-shaped crystals upon dropping 
tincture of iodine into the urine of a dog that had 
been fed quinine (/). Herapath reported that, when 
the transparent crystals sat one upon the other at 
right angles, the overlap was “black as midnight.” 
He recognized that his crystals functioned as 
excellent linear light polarizers absorbing virtually 
all the light polarized along the shorter axis of the 
best-developed face [supporting online material 
(SOM) text] (fig. S4) and declared that “‘there is no 
doubt” herapathite, the name coined by Haidinger 
(2), will soon replace costly tourmaline polarizers 
and Nichol prisms (3). Sir David Brewster wished 
for crystals large enough to add special effects to 
his invention, the kaleidoscope (4). Herapathite 
captured the attention of Stokes; he analyzed its 
remarkable reflectivity (5, 6). 

Applications of herapathite were not forth- 
coming for 75 years when Land oriented fragile 
microcrystals of herapathite in extruded polymers, 
a process that produced the first large-aperture 
light polarizers (7, 8) and launched the Polaroid 
empire. Curiously, despite the widespread use of 
herapathite polarizers in goggles, as photographic 
filters, and for stereoscopic imaging, as well as 
their role as the progenitors of 
the many polarizing plastics pre- 
pared subsequently, the struc- 
ture of herapathite has never 
been established. 

The composition of Herapath’s 
salt was established by Jorgensen 
as 4QH,”* + 3SO,7 + 21; - 6HLO, 
where Q is quinine, Cr9H24N»O 
(9, 10). In 1896, herapathite was 
used to study x-rays rather than 
vice versa as in this study. Just 7 
months after the discovery of a 
new kind of radiation by Réntgen, 
Mayer (//) failed to polarize x-rays 
with herapathite. West (12) estab- 
lished that the herapathite crys- 
tals belong to the orthorhombic 
system. 

The curious absence ofa crys- 
tal structure of herapathite has been 
expressed (/3). Past difficulties in 
its determination presumably arose 
from lamellar twinning and the 
complexity of the formula unit. In 
the absence of a crystal structure, 
we are not certain how herapathite 
functions as a dichroic polarizer. 


F ew crystalline substances are as celebrated 
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This is a vexing and remarkably long-standing 
(>150 years) question. West and others (/3—/5) 
speculated that a linear arrangement of the io- 
dides might explain the enormous dichroic ratio. 
Spectra in polarized light were given by Land 
and West (/6). 

Crystals of herapathite were grown from qui- 
nine, concentrated sulfuric acid, and I, in 1:1 
ethanol:acetic acid (3). Herapath-like needles rip- 
ened on standing in the mother liquor such that the 
absorbing axis became more elongated (/2) (figs. S4 
and S5). The crystals were analyzed with an x-ray 
diffractometer at room temperature. The ortho- 
rhombic cell parameters were a = 15.2471(3) 
(estimated standard deviations) A, b= 18.8854(4) A, 
and c = 36.1826(9) A. The crystal structure was 
solved and refined in the space group P22)2). 
Crystallographic data are summarized in table S1. 
The quinine configuration established the absolute 
structure. The asymmetric unit (fig. S1) of our 
crystals has an acetic acid molecule not captured 
in Jorgensen’s formula (9). Smirnov argued that 
herapathite is not one substance but a family of 
related solvates and salts with varying component 
stochiometries (/5). 

The crystal structure is shown in Fig. 1. The 
six water molecules are distributed over eight 
sites, and the acetic acid molecule is distributed 
over two sites associated with disorder in the 


Fig. 1. The crystal structure of herapathite. lodine atoms are 
purple spheres. The absorbing axis is vertical. Solvent 
molecules and sulfate ions have been removed for clarity. See 
also figs. S2 and $3. 


quinine vinyl group. The ensemble has a diad 
axis along a and an approximate diad within the 
asymmetric unit broken by the dissymmetry in the 
positions of the iodine atoms. The two triiodide 
ions lie roughly parallel to the b axis, a feature 
apparently deduced from powder data (/7). Our 
data give intertriiodide bond lengths of 3.74 and 
3.81 A and intratriiodide distances from 2.89 to 
3.01 A. 

In all crystals examined, the axis is the most 
absorbing direction. Even though herapathite does 
not have an obvious visible chromophore, tri- 
iodide salts are often richly colored (/8). This is a 
consequence of the association of triiodide ions in 
extended chains (/9) with exciton interactions 
along the chain length that significantly shift the 
absorption bands to lower energy, as in model 
starch-iodine complexes (20). Likewise, delocalized, 
excitations among many I; ions, polarized along 
b rather than along the I; ions themselves, ac- 
count for the remarkable light-absorbing proper- 
ties of herapthite, confirming the speculation of 
others (/2, 14, 15). 

The papers of Herapath (/, 3) and Jorgensen 
(9) cited herein indicate many related dichroic 
substances that comprise a rich clathrate chemistry. 
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Magnetic Fields in the Formation of 


Massive Stars 


Josep M. Girart,** Maria T. Beltran,”t Qizhou Zhang,? Ramprasad Rao,’ Robert Estalella” 


Massive stars play a crucial role in the production of heavy elements and in the evolution of the 
interstellar medium, yet how they form is still a matter of debate. We report high-angular-resolution 
submillimeter observations toward the massive hot molecular core (HMC) in the high-mass 
star-forming region G31.41+0.31. We find that the evolution of the gravitational collapse of the 
HMC is controlled by the magnetic field. The HMC is simultaneously contracting and rotating, 
and the magnetic field lines threading the HMC are deformed along its major axis, acquiring an 
hourglass shape. The magnetic energy dominates over the centrifugal and turbulence energies, 
and there is evidence of magnetic braking in the contracting core. 


tars more massive than 8 M. (where M, is 
the mass of the Sun) account for only 1% 
of the stellar population in our Galaxy. 
Nevertheless they dominate the appearance and 
evolution of its interstellar medium and are re- 
sponsible for the production of heavy elements. 
The formation of massive stars is not com- 
pletely understood. Stars form when dense mo- 
lecular clouds collapse as a result of gravity. But 
as the mass of a young star reaches 8 Mo, its own 
radiation can exert enough outward pressure to 
halt infall, inhibiting further stellar growth (/). 
The presence of a flattened accretion disk sur- 
rounding the protostar (2) can alleviate this in- 
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hibition by shielding the infalling material from 
stellar radiation and by creating a lower density 
section along the rotation axis of the disk and a 
molecular outflow, which helps by channeling the 
radiation out, allowing the formation of stars more 
massive than 40 4. (3—5). Massive stars may also 
form through mergers of smaller stars (6). 

The scenario whereby massive stars form 
through disk-assisted accretion resembles the 
way stars like the Sun form. Both processes 
involve accretion through a flattened disk and 
molecular outflows. The magnetic field is thought 
to play an important role in the formation of Sun- 
like stars by shaping cloud collapse, removing ex- 
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cess angular momentum, and thus allowing con- 
tinuous accretion (7-9), even in the case of an 
originally weak magnetic field (10). High-angular- 
resolution polarimetric observations of the low- 
mass protostellar system NGC 1333 IRAS 4A 
(IRAS 4A) showed a magnetic field with a clear 
hourglass morphology at scales of a few hundred 
astronomical units (AU) around the collapsing mo- 
lecular core surrounding the protostars (//), a con- 
figuration that was shown to be consistent with 
theoretical models for the formation of solar-type 
stars, where well-ordered, large-scale, rather than 
turbulent, magnetic fields control the evolution 
and collapse of the molecular cores from which 
stars form (/2). 

We investigated the hot molecular core (HMC) 
in G31.41+0.31 (G31.41), a massive star-forming 
region [~500 to 1500 Mz (13, 14)] located 7900 
parsecs (pc) away (/5). G31.41 has a luminosity 
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Fig. 1. (A) Contour map of the 879-11m dust emission superposed on the color 
image of the polarized flux intensity in units of Jy per beam. Black thick bars 
indicate the position angle of the magnetic field. These maps were obtained by 
using a natural weighting to the visibility data, which yielded to a full width at 
half maximum synthesized beam of 1.34” x 0.83” with a position angle of 67° 
(shown in the bottom left corner). Contour levels are 0.8, 1.5, 2.5, 4, 6, 16, 
26, 36...96% of the peak intensity, 9.13 Jy per beam. (B) Contour map of the 
879 um dust emission superposed on the color image of the flux weighted 


velocity map of the CH30H 147-15, A. Black thick bars indicate the direction 
of the magnetic field. These maps were obtained by using a robust weighting 
of 0 to the visibility data, which yielded to a full width at half maximum 
synthesized beam of 1.04” x 0.59” with a position angle of 82° (shown in the 
bottom left corner). Contour levels are the same as in the previous panel, with 
a peak intensity of 6.55 Jy per beam. (C) Spectrum of the C*4S 7-6 line at the 
position of the dust emission peak. The continuum has been subtracted from 
the line emission (this is valid for all the molecular line data presented here). 
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of 3 x 10° Le (where L is the luminosity of the 
Sun), suggesting that the core’s center harbors 
O-type hydrogen-burning stars (/4, 15). It is as- 
sociated with very weak free-free emission (/6), 
implying that an ultracompact HII region has not 
yet developed and therefore that the embedded 
young stellar objects are in a very early stage of 
their evolution. High-angular-resolution observa- 
tions of methyl cyanide toward the HMC reveal a 
massive toroid (/3, 17) rotating about the axis of 
a bipolar outflow (8), the direction of which is 
controversial (/6). The mass of the toroid is much 
larger than the dynamical mass required for equi- 
librium (~87 M;) (13), which suggests that the 
toroid may be gravitationally unstable and under- 
going collapse, unless a strong (20 to 40 mG) 
magnetic field is present. The physical properties 
of the HMC have been modeled recently, with an 
infall radius smaller than ~2 x 10* AU and a high 
accretion rate of 3 x 10? Ms year | (14). 

We observed G31.41 at 879 um with use of 
the Submillimeter Array (SMA) (79) in its com- 
pact and extended configurations (which provides 
an angular resolution slightly below 1 arc sec: see 
Fig. 1) and with use of the SMA polarimetry 
system (20). The continuum emission, which traces 
the dust in the HMC, is resolved in a slightly elon- 
gated compact component with a size of 1.16” by 
0.93” (8100 AU by 6500 AU) and a position angle 
(PA) of 56°, surrounded by a weaker component 
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extending to the northeast and reaching an ultra- 
compact HII region located 5” northeast of the 
HMC (J5). The total flux measured in our 879-um 
observations is 21.2 + 1.0 janskys (Jy, 1 Jy = 
107° W m®? Hz ') over an area of 15.9 square 
arc sec, where there is adequate sensitivity to mea- 
sure the polarization. For an optically thin emis- 
sion, a temperature of 164 K (/5), a gas-to-dust 
ratio of 100, and a dust opacity of 1.9 cm? g! 
(21), the total mass traced by the dust 1s 577 d7.9 
Mz [d79 = (d/7.9 kpc), where d is the adopted 
distance to the G31.41 cloud], in the range of 
previous estimations (/3, /4). We can estimate 
the averaged column and volume density of the 
region traced by the dust: <NM(H2)> = M/(Aum) 
and <n(H2)> = M/(Vum), where M is the dust 
mass, [ is the average mass per particle, A is the 
area of the dust emission, and V = (4/3) 17.432 is 
the volume. For a helium-to-hydrogen mass ratio 
of 30%, the mean column density is <N(H2)> = 
3.5 x 1074 cm, and the mean volume density is 
<n(H>)> = 3.1 x 10°79 | cm ?. 

We detected linearly polarized dust emission 
in the HMC, mainly along the major axis of the 
dust emission (color scale in Fig. 1A), with a 
maximum polarized flux of 30 mJy per beam. At 
the position of the maximum polarized flux, the 
polarization fraction is at a 4% level. The position 
angle of the dust polarization allows us to ex- 
amine the magnetic field. Thus, at the spatial 
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Fig. 2. Magnetic field directions superposed on the contour map of the dust emission. The map has 
been rotated by 27° to the east with respect to the one shown in Fig. 1. Contour levels are at 0.9, 1.4, 3, 5, 
15, ... 95% of the intensity peak. The black bars show the vectors of the measured magnetic fields. 
The blue bars correspond to the best fit to the magnetic field lines assuming an exponential form of y = 
Yo — C,exp(—C>x), where the x is the distance from the center of the symmetry along the magnetic field 
axis. The fit was done by using a |? analysis with the following free parameters: (o and o, the center 
of symmetry; \pq, the position angle of the field axis, C, and C;. The best fit is obtained when loa = 
=27° + 1°, (9(J2000) = 18°47™34.31° + 0.025, 9(J2000) = —1°12'46.0" + 0.2", C, = 0.8 + 0.2, and 
Cz = 1.4 + 0.4. The red dashed lines show the exponential shape of the best-fit field. 
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scale of the SMA angular resolution, ~6000 AU, 
the magnetic field lines are deformed along the 
major axis of the HMC (Fig. 1, A and B), pro- 
viding evidence of an hourglass magnetic field 
configuration in a high-mass star-forming region. 
An hourglass configuration was also found in the 
OMC-1 (22), but it was at much larger scales 
(~0.5 pc) and in a more-complex and -evolved 
high-mass star-forming region. 

The 4 GHz of bandwidth available for the 
SMA allowed us to detect a large number of 
spectral lines. The myriad of lines is dominated 
by CH3OH, with more than 30 lines, but also by 
HCOOCH;, CH30CH3, and SO,. Many of the 
lines show a similar morphological and kinemat- 
ical pattern in the HMC. There is a broad range of 
excitation conditions among the molecular lines 
detected, with upper energy levels going from 
a few tens up to more than 1000 K. In general, 
the emission is more compact for the lines with a 
higher excitation energy level, showing a veloc- 
ity gradient along the major axis (Fig. 1B), which 
is suggestive of rotation, as previously found for 
CH3CN (/3). One of the lowest excitation lines, 
C*s 7-6, shows a clear inverse P-Cygni profile 
in its spectrum (Fig. 1C). The emission feature 
peaks at about 93.5 km s' and the absorption 
feature at about 100.5 km s5 whereas the cloud 
velocity, Visp, 18 ~97.4 km sg! (/4). The colder 
molecular gas from the circumstellar envelope 
absorbs the bright continuum emission. The ab- 
sorption at positive velocities (i.e., redshifted be- 
cause of the Doppler effect) relative to the cloud 
velocity and the presence of the blueshifted emis- 
sion imply that the circumstellar envelope at scales 
of a few thousand AUs is infalling. The infall 
velocity, which has been estimated as |Visp — 
Viedshifted|> iS ~3.1 km s. 

We proceeded, similarly to (//), to derive the 
magnetic field properties by first fitting its mor- 
phology with a family of exponential functions. 
We find that the center of symmetry of the mag- 
netic field coincides within the measured uncer- 
tainty, ~0.2", with the center of the core (i.e., the 
position of the dust emission peak). The position 
angle of the magnetic field axis, ~27°, is almost 
perpendicular to the major axis of the envelope 
(Fig. 2). There are some discrepancies southwest 
of the center where the measured field directions 
suggest a small tilt of the major axis westward of 
the center. The observed dispersion in the resid- 
uals (fig. S1), 50,55, is 13.6 + 1.0°. Because the 
measurement uncertainty of the polarization angle 
(Gg) is 9.5 + 3.3°, the intrinsic dispersion, 50in¢ = 
(SOgps° — 9°)”, is Sin = 9.8 + 3.5°. The mag- 
netic field strength can be estimated from the 
dispersion in polarization angles (which is a con- 
sequence of the perturbation by Alfvén waves or 
turbulence in the field lines). With use of the 
value of the volume density derived from our data, 
n(H>) = 3.1 x 10° cm °, and a turbulent velocity 
dispersion of 8vj,, ~ 2.7 km s"!, the expected 
value from the Osorio et a/. modeling (/4) at 
the scale of =1.5 x 10* AU, which is the scale of 
the observed polarized emission—we calculated 
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the magnetic field strength in the plane of the sky 
to be Byos ~ 9.7d, /? mG. This value is a factor 
of ~2 higher that an earlier value derived by the 
Osorio et al. (14) assuming equipartition between 
the magnetic and turbulent energy. The magnetic 
field strength in G31.41 is also higher than those 
in other massive star-forming cores (23, 24). The 
derived value of the magnetic field strength im- 
plies an Alfvenic velocity of vq = \/B/(4mp) = 
7.9 km s ', which is larger than the infall veloc- 
ity, so the collapse is sub-Alfvenic. The key pa- 
rameter that determines whether magnetic fields 
provide support against gravitational collapse is 
the mass—to—magnetic flux ratio. With use of the 
standard formula (25), we find that the mass—to— 
magnetic flux ratio is =2.7dy 9!” times the critical 
value for collapse. The ratio of the turbulent to 
magnetic energy, Baxb = 3(5Vog/Va)- =3.64x 10° 
(50in/°)>, iS Buy = 0.35759 indicating that the 
magnetic energy dominates over the turbulent ener- 
gy. This ratio is a lower limit, and the mass-to-flux 
ratio is an upper limit because what is measured is 
the component on the plane of the sky of the mag- 
netic field strength. However, the deprojected values 
are likely not too different because, first, the clear 
hourglass morphology suggests that the HMC is not 
close from the pole-on configuration and, second, 
the size of the major and minor axes are similar, so 
it is reasonable to use the estimated column density 
to derive the mass—to—magnetic flux ratio. 

The mass accretion rate can be estimated from 
the infall velocity derived from the inverse P-Cygni 
profile. Although the associated infall radius is 
uncertain, we have chosen a lower limit of 4080 
AU, which corresponds to the source radius ob- 
tained from Gaussian deconvolution of the con- 
tinuum image, and an upper limit of 12,640 AU, 
which corresponds to the radius of the emission 
at 5% of the peak emission, which includes most of 
the dust emission. Following Beltran et al. (26), the 
mass accretion rate onto the star (4R?mEonV atau) 
inside a solid angle Q is Mace = Q/(42)(3 x 103 
to 3 x 10 *) Me year ', which is in agreement 
with the estimate from modeling G31.41 (/4). 
Such a high value of the infall rate has also been 
estimated for other O-type (proto)stars (26-28), 
supporting the nonspherical accretion scenario for 
the formation of massive stars, which is expected 
in the presence of a substantial magnetic field, as 
observed here. 

Here on, we study the kinematical behavior 
resulting from the velocity gradient along the 
major axis of the HMC, which is indicative of 
rotation (this is supported by the fact that this ve- 
locity gradient is perpendicular to the hourglass 
magnetic field shape). To avoid chemical effects 
that could affect the interpretation, we used only 
methanol transitions, which is the most populated 
species within the observed bandwidth. Of these 
lines, we selected only those with upper excita- 
tion energy levels that range from 60 to 1020 K 
and appear clean of interlopers (Fig. 3). The lower 
excitation lines (top graphs of Fig. 3) show a 
relative minimum at redshifted velocities toward 
the center, which is indicative of infall, as found 
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Fig. 3. Position-velocity cuts along a position angle of 65° (close to the major axis of the HMC) for 
six methanol lines (their transitions are labeled in the lower left part of each graph). The zero offset 
position is located at the position of the Very Large Array 7-mm source A (16). Contour levels are 
the 15, 30, 50 (thicker contour), 70, and 90% of the peak intensity of each transition. The central 


horizontal dotted line shows the cloud velocity. 


more clearly in the even lower excitation C*S line. 
The position-velocity maps reveal a smaller ve- 
locity gradient, that is, a smaller rotation velocity, 
in the more spatially compact lines (typically the 
higher excitation ones) (Fig. 4). For a collapsing 
core with angular momentum conservation and 
with a very weak magnetic field, the rotation veloc- 
ity is expected to be inversely proportional to the 
radius (/0). This is the opposite of what is observed 
in the HMC, in which the rotation velocity decreases 
for decreasing radius, indicating that the angular 
momentum is not conserved during the collapse. 
Given the hourglass magnetic field morphology 
in the HMC, this spin-down in the HMC suggests 
magnetic braking, a process proposed to remove 
the excess of angular momentum. Theoretical 
models of magnetic braking predict a spin-down 
qualitatively in agreement with what is shown in 
Fig. 4 (7, 10). Depending on the value of the 
rotation velocity and the magnetic field, the evo- 


lution of a collapsing core is regulated either by 
the centrifugal forces or by the magnetic forces 
(29). If the measured (w/B) value is larger than 


=] 
st = -7 Cs = = 
(Beri = 1.69 x 10 (cata) year “HG, 


where c, is the sound speed and @ is the angular 
velocity, the centrifugal forces dominate the dy- 
namics. Otherwise the magnetic forces regulate the 
dynamics. For c=0.93 km s ', we found that the 
measured ratio, 6.6 x 10° year ' 1G", is smaller 
than the critical value, 3.5 x 10° year | wG'. 
Thus, the magnetic field dominates energetically 
(with respect to centrifugal and turbulence forces) 
the dynamics of the collapse. 

The HMC in G31.41 is much larger (by a 
factor of 20) and more massive (by a factor of 
200) and luminous (by five orders of magnitudes) 
than the Sun-like IRAS 4A. However, both sources 
show an inverse P-Cygni profile, indicative of 
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infall motions (30), and have similar magnetic 
field properties (a hourglass configuration approx- 
imately along the major axis and a similar mass- 
to-flux ratio). The energetic relations do not differ 
too much, either: Both cores are collapsing be- 
cause gravity has overcome pressure forces, but 
the collapsing dynamics are controlled by the 
magnetic energy rather than by turbulence. This 
similarity suggests that the role of the magnetic 
field in the early stages of the formation of 
high- and low-mass stars may not be too dif- 
ferent. However, once the massive stars turn on 
an ultracompact HII, the feedback from the mas- 
sive stars (radiation and ionization pressure, turbu- 
lence, and outflows) becomes energetically more 
important than the magnetic fields (37). 
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A Radio Pulsar/X-ray Binary Link 
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Radio pulsars with millisecond spin periods are thought to have been spun up by the transfer of 
matter and angular momentum from a low-mass companion star during an x-ray—emitting phase. 


The spin periods of the neutron stars in several such low-mass x-ray binary (LMXB) systems have been 
shown to be in the millisecond regime, but no radio pulsations have been detected. Here we report 
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on detection and follow-up observations of a nearby radio millisecond pulsar (MSP) in a circular binary 
orbit with an optically identified companion star. Optical observations indicate that an accretion disk 
was present in this system within the past decade. Our optical data show no evidence that one 

exists today, suggesting that the radio MSP has turned on after a recent LMXB phase. 


he fastest-spinning radio millisecond pulsars 
(MSPs) are thought to be formed in systems 
containing a neutron star (NS) and a low- 
mass [<1 solar mass (Mj)| companion star (/). 
Mass transfer occurs when matter overflows the 
companion's Roche lobe (2), forms an accretion 
disk around the NS, and eventually falls onto its 
surface, producing bright x-ray emission (/, 3). 
Radio emission that would otherwise be 
produced by a rapidly rotating magnetic NS is 


thought to be quenched during active accretion 
by the presence of ionized material within the 
pulsar's light cylinder. However, at a sufficiently 
low accretion rate, infalling material may be halted 
outside the light cylinder by magnetic pressure, 
presumably allowing the MSP’s radio emission to 
tum on. At this point, the MSP’s electromagnetic 
emission and particle wind should irradiate the 
disk and companion, driving mass out of the sys- 
tem. This activation as a radio pulsar, a possible 
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end to the accretion phase, is poorly understood, 
in part because no radio MSP has yet been ob- 
served to turn on in such a system, although there 
is indirect evidence that this may occur (4-6). 

The radio source FIRST J102347.67+003841.2 
(hereafter J1023) appears optically as a star with 
visual magnitude in the V band ~ 17.5, with a 
mid-G (solar-type) spectrum and mild 0.198-day 
orbital variability (7) However, in observations 
from May 2000 to December 2001, J1023 had a 
blue spectrum with prominent emission lines (8, 9) 
(absent in quiescence) and exhibited rapid flick- 
ering by ~1 magnitude (8), This optical behavior 
is typical of an accretion flow, and the double- 
peaked nature of the lines (9) suggests an accre- 
tion disk specifically. This history led to the system’s 
classification as an accreting white dwarf (8) or 
NS (7) binary. For a more detailed history, see the 
supporting online material (SOM). Since 2002, 
the system has shown no further sign of accre- 
tion, and our optical spectroscopic observations 
of 23 and 25 December 2008 (SOM) confirm the 
continued absence of emission lines. Thus, J1023 
is currently in a quiescent state. 

We found PSR J1023+0038, a bright MSP 
with a spin period of 1.69 ms at a dispersion mea- 
sure (DM) of 14.33 pe cm °, as part of a 350-MHz 
pulsar survey carried out with the Robert C. Byrd 
Green Bank Telescope (GBT) in 2007 (see SOM 
for details). 

Phase-coherent timing of the radio pulsations 
at the GBT, the Arecibo Observatory, and Parkes 
Observatory has allowed high-precision mea- 
surements of the binary parameters (Table | and 
SOM). Together with the much smaller position 
uncertainties implied by the telescope beam sizes 
of the timing observations, these binary param- 
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eters unambiguously place this pulsar in the 
J1023 system, confirming the prediction of (7) 
that J1023 has a NS primary. 

Combining these parameters with optical ra- 
dial velocity measurements (7), we find that the 
pulsar is a factor of 7.1 + 0.1 more massive than 
its companion. The determination of the indi- 
vidual masses depends only on the inclination 
angle i of the orbital plane from the plane of 
the sky. The pulsar’s Keplerian mass function 
(m,sin iy (mp +m.) is 1.1 x 10 * Mo, where m, 
and mp are the masses of the companion and the 
pulsar, respectively. For a NS mass in the range 
from ~1.0 to ~3.0 Me (10), 7 is restricted to the 
range from ~53° to ~34°, and the companion 
mass is restricted to ~0.14 to ~0.42 Mo. 

Stellar models, based on the assumption 
(reasonable in light of the evidence for a recent 
accretion flow) that the companion is filling its 
Roche lobe, show that it is possible for the com- 
panion star to exhibit the observed orbital modu- 
lation of color, magnitude, and radial velocity if 
the primary has an isotropic luminosity of ~2 
solar luminosities (7). These models also imply 
i < 55°, which is compatible with the range 
obtained from theoretical NS mass limits. Similar 
models account for the light-curve modulation 
during quiescence of the low-mass companion to 


SAX J1808.4—3658 (6), an accreting x-ray pulsar 
in a 2-hour orbit [e.g., (J/, 12)], which has been 
suspected of harboring an MSP when in quies- 
cence (4, 5, 13). 

The brightness, radial velocities, and pre- 
sumed Roche lobe-filling companion of J1023 
imply that the distance to the system is 0.9 kpe/sin 
i; for the allowed range of i, the distance is be- 
tween ~1.1 and ~1.6 kpc. A pulsar mass of 1.4 Mo 
implies a distance of 1.3 kpc. For comparison, 
given the observed DM of 14.325 pc cm °, the 
standard Galactic free-electron density model (/4) 
predicts a distance of 0.6 kpc, which is consistent 
with our range, given its known uncertainties. 

Ordinarily one can estimate a pulsar’s spin- 
down luminosity from its observed pulsar period 
derivative (P), but for MSPs this is subject to 
contamination by several factors, including accel- 
erations of J1023 and the solar system barycenter 
in the Galactic gravitational potential. From the 
measured optical proper motion p of J1023 
(Table 1), we expecta significant positive contribu- 
tion to P = Pdu7/c = 1.8 x 10 *! (d/1.3 kpe) due to 
the Shklovskii effect (75) (P, pulsar period; d, 
distance; [1, proper motion; c, the speed of light). 
Although in some binary systems the acceler- 
ations can be constrained independently with the 
use of orbital period variations, in J1023 we 


Table 1. Pulsar parameters. Parameters listed in the top section are held fixed in the timing fit that 
produces the parameters listed in the middle section (SOM). The position and proper motion values are 
from the U.S. Naval Observatory NOMAD optical catalog (25). With the exceptions of DM, P, and 
eccentricity, uncertainties on timing quantities are twice the formal 10 errors returned by the pulsar 
timing analysis program. The DM of the source varies substantially: Around orbital phase 0.3, it 
occasionally increases by ~0.15 pc cm °, and we observe apparent orbit-to-orbit variations as large as 
~0.01 pc cm~?. Our estimate of the eccentricity is approximate because DM variations limit the orbital 
coverage of usable timing data. Our estimate for P is approximate because it is highly covariant with 
pulsar position; it was estimated by fitting for P while varying the position according to the optical 
uncertainties listed above. We have not subtracted Shklovskii or galactic accelerations. The flux density 
and spectral index are estimated using standard system temperature and gain values for the GBT and the 
Parkes telescope. The flux density is subject to substantial variability intrinsic to the pulsar (we have 
observed brightening by a factor of ~4 within minutes), as well as interstellar scintillation; for this reason, 
we estimated the spectral index using the simultaneous 600-MHz and 3000-MHz Parkes observations. 
Spin-down luminosity and magnetic field upper limits are calculated from the 30 upper limit on P using 
the standard formulas £ = 3.95 x 1027 erg s~? (P/107*) (P/1 s)-3 and B = 3.2 x 10°? G VPP. 


Parameter 


Value 


Right ascension (a; J2000) 
Declination (5; J2000) 

Proper motion in o (u,) 

Proper motion in 8 (us) 

Epoch [modified Julian date (MJD)] 
Dispersion measure 

Pulsar period (P) 

Pulsar period derivative (P) 
Orbital period (P,,) 

Orbital period derivative (P,) 
Orbital period second derivative (Pp) 
Time of ascending node (MJD) 
asini 

Eccentricity 

1600-MHz flux density 

Spectral index (a; S < v~*) 
Surface magnetic field 

Spin-down luminosity 


10 hours 23 min 47.687(3) s 
00°38 41.15(7)" 

10(1) milli-arc sec year? 
—16(2) milli-arc sec year~* 
54802 

14.325(10) pc cm? 
1.6879874440059(4) ms 
1.2(8) x 10°-?° 
0.1980962019(6) days 
2.5(4) x 10-7 

—5.21(14) x 1077? s+ 
54801.97065348(9) 
0.3433494(3) light-seconds 
<$2x10° 

~14 mjy 

~ -2.8 

<3 x 10°G 


<3 x 10° erg s* 
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observe very large orbital period variability 
(binary period derivative ~3 x 10 '°), almost 
certainly due to classical tidal torquing from gas 
motion in the extended envelope of the compan- 
ion star. The near-zero eccentricity of the pulsar's 
orbit (Table 1) also suggests that the system has 
undergone tidal circularization. 

This picture of a Roche lobe-—filling compan- 
ion is supported by evidence for the presence of 
ionized material in the system. Our broadband 
radio observations reveal substantial DM varia- 
tions at certain orbital phases (Fig. 1G), as well as 
smaller DM variations on time scales of minutes 
throughout the orbit. Moreover, we observe regu- 
lar eclipses ranging from very brief at 3000 MHz 
to covering most of the orbit in our 150-MHz 
observations with the Westerbork Synthesis 
Radio Telescope (WSRT) (Fig. 1, A to F). We 
also see very brief eclipses at all orbital phases 
(Fig. 1E in particular). Given the established 
range of, the line of sight between the pulsar and 
Earth will not intersect the Roche lobe of the 
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companion at any point in the orbit. If we assume 
that during the DM variations near orbital phase 
0.4 (Fig. 1, ii and iii) the obstructing plasma is 
uniform, has a plasma frequency of 700 MHz 
(based on the loss of the 700-MHz signal at 
this phase), and contributes the excess DM of 
0.15 pe cm °, we predict a thickness of 3 x 104 km 
(thin compared to the companion’s size of ~3 x 
10° km). This suggests that a thin but dense layer 
of material, perhaps a shock due to the pulsar wind 
meeting either winds from the companion or ma- 
terial overflowing the companion's Roche lobe, 
crosses the line of sight at this orbital phase. 
Similar eclipses and DM variations have been 
seen in the Galactic “black widow” systems: tight 
NS binary systems in the Galactic field with 
companions an order of magnitude less massive 
than that of J1023 (/6). Such eclipses have also 
been seen in several radio MSPs in globular 
clusters (17, 18). In both cases, they have been 
attributed to the presence of gas flowing out from 
the irradiated companion, as is probably the case 


0.0 0.2 0.4 0.6 0.8 1.0 
Pulse phase 


Fig. 1. Frequency dependence of eclipses, DM variations, and pulse profiles. (A to F) Flux density as a 
function of pulse phase and orbital phase at 3000, 2000, 1600, 700, 350, and 156 MHz, respectively. (G) 
DM, as estimated from the 1600-MHz observations (SOM). Orbital phase is defined to be zero at the pulsar’s 
ascending node, so that the companion passes closest to our line of sight at orbital phase 0.25. To the right of 
(A) through (F) are pulse profiles at the respective bands; the instrumental smearing time is indicated with a 
horizontal bar in each panel except (C), which is instead based on a 1410-MHz observation with higher time 
resolution. The eclipse is nearly absent at 3000 MHz but is longer at 700 MHz than at 1600 Muz. At low 
frequencies, random short eclipses, indicated by (iv) and (v), are also visible. Pulse phase is as predicted by a 
phase-coherent timing solution, so that large short-term timing variations are visible as vertical motions of the 
pulse peak. Note in particular the pulse arrival time variations at eclipse ingress (i) and egress (ii); the 
variation at egress appears to be due to the substantial DM variation (iii) visible in (G). 
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for J1023. However, J1023 differs from all other 
known radio MSPs in that there is evidence for a 
recent accretion disk. 

For an accreting NS, the accretion luminosity 
is proportional to the accretion rate, which is un- 
known for J1023. But if the matter is to reach the 
NS surface, it must overcome magnetic pressure 
at the Keplerian corotation radius, so there is a 
minimum accretion rate and hence a minimum 
luminosity for a given NS magnetic field (/9). 
For a magnetic field equal to our timing-derived 
upper limit (Table 1), this minimum luminosity for 
J1023 is 1.1 x 10°” ergs | [using formulas from 
(/9)]. Such a high luminosity can be clearly ruled 
out by our analysis of archival Rossi X-ray Timing 
Explorer all-sky monitor data (SOM): The average 
annual x-ray luminosity for each year from 1996 to 
2008 was less than 4.8 x 10° erg s | (d/1.3 kpey. 
The variable nature of low-mass x-ray binary 
(LMXB) x-ray emission cannot explain this low 
luminosity: On | February 2001, when an optical 
emission line spectrum was observed (9), the av- 
erage flux was less than 2.4 x 10* erg s | (d/1.3 
kpc)’. If accretion occurred during the active phase, 
the annual upper limit would imply that the mag- 
netic field of the NS in J1023 was less than 6 x 
10° G, smaller than that of any known MSP. 

It therefore seems more likely that infalling 
matter did not reach the NS surface, but instead 
underwent what is known as “propeller-mode 
accretion” (20): Infalling matter entered the light 
cylinder but was stopped by magnetic pressure 
outside the corotation radius, which prevented it 
from falling further inward. This process also has 
a minimum accretion rate and minimum lumi- 
nosity: If the infalling matter does not reach the 
light cylinder, the radio pulsar mechanism will 
presumably become active. If this occurs, no sta- 
ble balance exists between outward radiation and 
the wind pressure and ram pressure of infalling 
material, and the disk will be cleared from the sys- 
tem (/9). The minimum luminosity for propeller- 
mode accretion is substantially lower than that for 
standard accretion; our timing-derived upper limit 
on the magnetic field (Table 1) implies a minimum 
luminosity of just 2.7 x 10° erg s | [using formu- 
las from (/9)]. Thus, it seems likely that during 
J1023’s active phase, the mass transfer rate was 
high enough for propeller-mode accretion but not 
high enough for material to reach the NS surface. 

In this scenario, a small drop in the mass trans- 
fer rate would clear the disk from the system and 
return J1023 to its current quiescent state. Over- 
flowing matter from the companion would then 
encounter a shock near the inner Lagrange point 
and be carried out of the system (/9), possibly 
explaining the observed variable hard power-law 
x-ray spectrum of J1023 (2/) and the presence of 
gas in the system. Such shocks have been sug- 
gested to explain the variable power-law x-ray 
emission in 47 Tuc W (22) and PSR J1740—5340 
in NGC 6397 (23), which also have low-mass 
companions and have previously been compared 
with SAX J1808.4—3658, though with no evidence 
for the recent presence of an accretion disk. 
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Despite the apparent resemblance of J1023 to 
47 Tuc W and PSR J1740—5340, the latter two 
systems (and indeed all other currently known 
eclipsing pulsars with companions of several-tenths 
Mo) reside in globular clusters and are likely to have 
acquired their current companions in exchange inter- 
actions after the pulsars were “recycled” (24). J1023 
is the only known highly recycled (the fifth fastest 
known) MSP in the field of the Galaxy with both 
a nondegenerate companion and an orbit that has 
been circularized through tidal interactions. A glob- 
ular cluster origin for J1023 is extremely unlikely 
because of its large distance from the nearest glob- 
ular cluster as well as from the Galactic bulge. The 
evidence points to J1023’s having been recycled 
by its current companion, which has not yet 
completed the transformation to a white dwarf. 

The observed transition of J1023 suggests that 
it is in a bistable state: For certain rates of Roche 
lobe overflow, if the radio pulsar mechanism is 
quenched, propeller-mode accretion can occur, but 
if the radio pulsar mechanism is active, that same 
mass accretion rate cannot overcome the radiation 
pressure and no accretion occurs. Should the mass 
transfer rate of J1023 rise sufficiently, then it may 
enter another LMXB phase: A disk will form, the 
radio emission may be quenched, and the x-ray 
luminosity may increase dramatically, due to either 
propeller-mode accretion, with a net spin-down of 
the pulsar, or even brighter accretion onto the sur- 
face, with a net spin-up. 
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Determining the Dynamics 


of Entanglement 


O. Jiménez Farias," C. Lombard Latune,?"? S. P. Walborn,? 


L. Davidovich,? P. H. Souto Ribeiro?* 


The estimation of the entanglement of multipartite systems undergoing decoherence is important 
for assessing the robustness of quantum information processes. It usually requires access to the 
final state and its full reconstruction through quantum tomography. General dynamical laws may 
simplify this task. We found that when one of the parties of an initially entangled two-qubit 
system is subject to a noisy channel, a single universal curve describes the dynamics of 
entanglement for both pure and mixed states, including those for which entanglement suddenly 
disappears. Our result, which is experimentally demonstrated using a linear optics setup, leads to a 
direct and efficient determination of entanglement through the knowledge of the initial state 
and single-party process tomography alone, foregoing the need to reconstruct the final state. 


he environment-induced dynamics of en- 
tanglement presents surprising features and 
challenging problems. For instance, when 
the parts of an entangled system interact with in- 
dependent environments, entanglement may dis- 
appear at a finite time, before coherence decays 
(/—7). Understanding the dynamics and how it 
scales with the size of the system is of central rel- 


evance to quantum computing and quantum com- 
munication (S—/0), as the viability of complex 
quantum information tasks involving many qubits 
(quantum bits) is intimately related to the robust- 
ness of entanglement. However, its assessment is 
still an open problem, especially for multipartite 
systems. Even for the simplest entangled systems, 
composed of just two qubits, subtle dynamical fea- 


tures have been revealed (/, 3, 5—7). Therefore, 
uncovering basic dynamical laws is an appealing 
task that might shed some light on entanglement 
and the feasibility of its applications. 

The marked differences between the dynamics 
of entanglement and the individual evolution of the 
components ofa physical system are consequences 
of the nonlinear dependence of entanglement mea- 
sures on the state of the system. The concurrence, 
for instance, introduced as a quantifier of entangle- 
ment (//), is given for a two-qubit system de- 
scribed by the density matrix p12 by C= max{0,A}, 
where A = V/A, — VAp — WA3 — Wg. The quan- 
tities A; are the positive eigenvalues of the matrix 
12(6,1®9}2) Pi3(0;1B6,2) in decreasing order, 
where o,, is the second Pauli matrix corresponding 
to qubit 7 and the conjugation occurs in the compu- 
tational basis {|00), |01), |10), |11)}. The symbol © 
stands for the direct product of operators corre- 
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sponding to different qubits. C takes values between 
0 (separable states) and 1 (maximal entanglement). 
The calculation of entanglement through this pro- 
cedure requires knowledge of the density matrix 
that characterizes the system. The dynamics of en- 
tanglement is thus usually obtained from the evolved 
state, reconstructed through quantum tomography 
or calculated by considering the interaction between 
the entangled system and the environment, which 
can be represented by a “quantum channel” $ that 
transforms the initial density matrix p into $(p). 
An alternative to these tomographic proce- 
dures that does not require the determination of 
the final state was recently derived (/2). When 
one of the parts of an initially pure bipartite 
system interacts with a noisy environment, the 
evolution of entanglement can be simply de- 
scribed by the product of two factors that depend 
on the environment and the initial state, respec- 
tively. Explicitly, when a quantum channel $ acts 
on only one qubit of a two-qubit state described 
by the density matrix p, the concurrence satisfies 


C[(1@$)p] $C[1@$)|e+Ps|]C(p) 1) 


where |p.) is the Bell state (00) + |11))/\/2). The 
quantity C[(I@$)|p+)(@4|] is the concurrence of 
the state that evolves from |@) when channel $ 
acts on the second qubit, and C(p) is the con- 
currence of the initial state. The equality in Eq. 1 is 
valid for pure initial states. In this case, knowledge 
of the initial concurrence plus the characterization 
of the environment through its action on the state 
|p) are enough to determine the final concur- 
rence. If the initial state is mixed, Eq. 1 provides an 
upper bound for the final entanglement. 


The experimental demonstration of the above 
equality requires (1) the production of quasi-pure 
quantum states, and (ii) a precise control of the 
quantum channel, which should act on only one of 
the two qubits. Both conditions are fulfilled in the 
experiment reported here, which leads to a clear-cut 
demonstration of Eq. 1. Furthermore, we show that 
the factorization relation in Eq. 1 can be used to 
estimate the entanglement of the final state through 
single-qubit channel tomography, which is faster 
and more accurate than the full reconstruction of 
the final state. In addition, we propose and demon- 
strate experimentally an extended version of the 
factorization relation in Eq. 1, in which the equality 
also applies to mixed states. We show that a uni- 
versal curve describes the evolution of entangle- 
ment for arbitrary initial states. 

The evolution of a density matrix under the ac- 
tion of a quantum channel $ can be written as $(p) = 
YK pK;', where K; are the Kraus operators (8). For 
a qubit, there can be at most four independent Kraus 
operators, which can be written as linear combina- 
tions of the identity and the Pauli matrices. The pos- 
sible actions of the environment can then be reduced 
to a finite number of typical quantum channels. The 
set of Kraus operators completely characterizes the 
quantum channel. They can be obtained from the 
unitary evolution of the system plus environment 
by tracing out the environment degrees of freedom. 

A paradigmatic example of a quantum chan- 
nel is the amplitude channel: 


|0),|0), = |0),|0),; 


1),|0), co vl — p|l)s|0), as Vp|0)5| 1g 
(2) 


Fig. 1. Experimental a 
setup. The elements in 
the gray box to the left 
are inserted when quan- 
tum process tomogra- 


phy is performed (15). HWP(8y) 


SAGNAC 
INTERFEROMETER 
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where the subindex S denotes states of the system 
and the subindex E those of the environment. 
This equation describes, for instance, the sponta- 
neous decay of a two-level atom interacting with 
a zero-temperature environment (no initial exci- 
tation in the environment). If the atom is initially 
in the ground state, the global state does not 
evolve. If the atom is excited, it has a probability 
p of decaying and exciting the environment. 
Complete decay corresponds to p = 1. With p = 
1 — exp(-I'A), where T is the excited-state decay 
rate, Eq. 2 is essentially the one derived by 
Weisskopf and Wigner in 1930 (/3). The 
corresponding Kraus operators can be calculated 
directly from Eq. 2. We have, in this case, 


a=() tea (2 0) 


K;=K,=0 


In our experiment, the amplitude decay 
channel displayed in Eq. 2 is implemented by 
the modified Sagnac interferometer in Fig. 1. The 
operation of the interferometer as a quantum 
channel is described in detail in (/, 3). The 
system states |0)s and |1)s correspond respective- 
ly to the horizontal (H) and the vertical (V) 
polarizations of a photon; the environment states 
correspond to different propagation modes. A 
single input photon is split into H and V 
polarization components at the polarizing beam 
splitter (PBS) of the Sagnac interferometer. This 
amounts to coupling the photon momentum and 
polarization degrees of freedom, as different 
polarizations travel in different directions after 
the PBS. The H component remains untouched 
after propagation through the half-wave plate 
HWP(0) inside the interferometer, while the V 
component propagates through a half-wave plate 
HWP(@y) that can change the polarization state. 
HWP(0) is used only as a path length com- 
pensator, but, depending on the setting of the 
HWP(6y), the V component is rotated. The two 
paths are recombined at another point of the same 
polarizing beam splitter. When Oy = 0, the 
polarization state of the field at the output in 
mode 0 of Fig. 1 is essentially the same as at the 
input. However, if Oy # 0, part of the V 
component will rotate to H and leak to mode 1. 
The probability that an initially V-polarized pho- 
ton is flipped to H and leaks to mode 1 is p = sin” 
Oy. This implements the quantum channel given 
by Eq. 2. Modes 0 and 1 are then incoherently 
recombined using a HWP and a PBS and sent to 
detection, in order to implement the experimental 
equivalent of performing the partial trace over the 
environment degrees of freedom. The final polar- 
ization state is analyzed with quantum tomog- 
raphy. This procedure is repeated for several 
values of p = sin @y, 

The initial entangled bipartite state is produced 
in the polarization degrees of freedom of two 
photons generated by spontaneous parametric 
down-conversion (/4, 75). Quantum state tomog- 
raphy is performed, through an arrangement of 
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wave plates and PBSs (/6), in order to characterize 
the initial state. 

For each setting of p, we perform quantum 
process tomography (QPT) to experimentally char- 
acterize the quantum channel (/5). This leads to the 
reconstruction of the corresponding Kraus oper- 
ators (8, 17). Figure 2 shows the Kraus operators 
K; i= 1, ..., 4) reconstructed from QPT measure- 
ments for different values of p. One can see that 
the matrix elements closely follow those in Eq. 3, 
implying that our setup leads to a very good imple- 
mentation of the amplitude channel. The character- 
ization of the quantum channel through QPT allows 
the calculation of the first factor on the right side 
of Eq. 1. The concurrence obtained from quantum 
state tomography of the final state is then compared 
with the one given by the factorization relation. 

We study two quite different types of entangle- 
ment dynamics, corresponding to an initial quasi- 
pure state (for which entanglement vanishes only 
when p = 1) and to an initial highly mixed state 
(which leads to the vanishing of entanglement 
for p < 1). The quasi-pure state is close to |y) = 
a|HH) + B/VV) with a ~ 0.46, B ~ 0.88, and 
concurrence C ~ 0.69. This choice provides a 
more interesting scenario than a maximally en- 
tangled state, for which Eq. 1 is trivially sat- 
isfied. Mixed states are produced by letting the 
photon that does not interact with the environ- 
ment pass through another Sagnac interferom- 
eter similar to the one in Fig. 1. The results 
(Fig. 3) correspond to the quasi-pure and the 
highly mixed state. The measured concurrence 
of the final state C[1@$)p] is plotted versus the 
product C(1@$|o.)(o+|)C[p], where C[p] is the 


p=0.03 


K4 


measured concurrence of the initial state and 
C(1@$|o+)(4)) is obtained from the reconstruction 
of the channel through QPT. The different points 
correspond to several values of p = sin” @y, which 
increase in the direction of the origin (p = | corre- 
sponds to the origin in Fig. 3 where the final state 
becomes completely separable). Error bars were 
obtained from Monte Carlo simulations of experi- 
mental runs (/8). Ideally, the circles indicating the 
quasi-pure state should stand on a linear function 
with a unit slope (dashed line). The linear fit of the 
circles has a slope of 0.87 (solid line). The slope is 
not exactly equal to 1 because the initial state is not 
perfectly pure. Mixed states lead to the inequality 
in Eq. 1. This is clearly demonstrated by the squares 
in Fig. 3, which correspond to an initial mixed state 
with initial concurrence C = 0.5 and purity 0.53. 
Because in Fig. 3 the parameter p of the signal 
interferometer increases in the direction of the ori- 
gin, we note that this state leads to “sudden death” 
of the entanglement (/); that is, the concurrence 
vanishes for p < 1. 

The characterization of the channel through 
QPT is made with local measurements, which are 
generally less demanding than the two-qubit mea- 
surements involved in bipartite quantum state to- 
mography. Furthermore, in most real-world situations, 
the signal-to-noise ratio is much better for the initial 
state than for the final state because of unavoidable 
losses in the evolution process. Therefore, as com- 
pared to the full reconstruction of the bipartite state, 
our method provides for a more efficient determi- 
nation of the final entanglement. 

Our setup can be easily adjusted to implement a 
wide variety of channels (3), allowing, in all cases, 


Fig. 2. Experimental Kraus operators for several values of p. Average fidelity with respect to the 


ideal amplitude channel given by Eq. 2 is 0.95. 


the characterization of the channel through QPT. In 
fact, this setup allows for a textbook demonstration 
of quantum channels (/, 3). The dashed line in 
Fig. 3 represents the equality in Eq. | and is there- 
fore the same for all kinds of quantum channels, 
providing the final concurrence for initially pure 
states and an upper bound for initial mixed states. 
It is possible, however, to extend Eq. 1 so as 
to always obtain the actual value of the final con- 
currence, irrespective of the purity of the initial 
state. The final concurrence is also obtained, in this 
generalized version, from the knowledge of the ini- 
tial state and the characterization of the channel. 
The basis of this result is the duality between 
channels and bipartite states, which implies (9, 20) 
that there always exists a one-qubit channel $’ 
such that any bipartite density matrix p can be 
written as p = (I@$’)o, where o is a pure-state 
density matrix determined in the following way. 
The reduced density matrix corresponding to qubit 
1, py = Tr(p), is written in terms of its diago- 
nalizing basis,p, = Y?_,r;|e;)<e;|. One then de- 
fines a pure state that yields the same reduced 
density matrix as the original state: |‘Y%) = 
y2_, v7;\e)@| fi). Then o = |¥)'P|. Replacing 
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Fig. 3. Comparison between measured concur- 
rence and the product of factors on the right side 
of Eq. 1. The circles and squares correspond re- 
spectively to quasi-pure and mixed initial states. 
The dashed line is a linear function with unit slope 
and the solid line is a linear fit to the circles, with 
slope of ~0.87. 
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Fig. 4. Comparison between measured concur- 
rence and the product of factors on the right 
side of Eq. 5. The circles and squares corre- 
spond to those displayed in Fig. 3. The dashed 
line is a linear function with unit slope. A linear 
fit to the set of all data points results in a slope 
of ~0.97. 
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this into p = (I@$’)o, the channel $’ should satis- 
fy the equation p) = Di; /riFjleiXe|@S (lx), 
which determines the matrix elements (indexed 
by a, b) of the channel $’: 


[SAX Sllan = (ring) faKerlplep fs) 
(4) 


Because C[(1@$)p] = C[1@$)(1@$’)o], and o is a 
pure state, it follows from Eq. 1 that 


C[(1B$)p] = C[A@$s')|p.Xe,|]C(6) (5) 


This is the extended version of the equality in 
Eq. 1. It shows that even if the input state is 
mixed, the final concurrence is given by the 
product of two factors. The first factor is the 
concurrence of an initial Bell state evolving 
under the action of the product of two channels, 
$$’, acting on the second qubit, and the second 
factor is the concurrence of a pure state, C(o). 
Both the channel $’ and C(o) = 2,/rirz are 
obtained from the initial mixed state. 

Figure 4 compares the concurrence obtained 
from the tomography of the final state with the 
product on the right side of Eq. 5, both for the 


quasi-pure and the mixed states considered before. 
The channel $’ and C(o) are determined from the 
initial state, using the procedure described above. 
All the points are very close to the dashed line with 
unit slope, which is now a universal curve for both 
pure and mixed states. Therefore, the benefit of 
obtaining the final concurrence from single-qubit 
QPT and the knowledge of the initial state, rather 
than the costlier final-state tomography, is now 
extended to initial mixed states. 
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Colloidal Nanocrystals with Molecular 
Metal Chalcogenide Surface Ligands 


Maksym V. Kovalenko,? Marcus Scheele,” Dmitri V. Talapin??* 


Similar to the way that atoms bond to form molecules and crystalline structures, colloidal 
nanocrystals can be combined together to form larger assemblies. The properties of these 
structures are determined by the properties of individual nanocrystals and by their interactions. The 
insulating nature of organic ligands typically used in nanocrystal synthesis results in very poor 
interparticle coupling. We found that various molecular metal chalcogenide complexes can serve as 
convenient ligands for colloidal nanocrystals and nanowires. These ligands can be converted into 
semiconducting phases upon gentle heat treatment, generating inorganic nanocrystal solids. The 
utility of the inorganic ligands is demonstrated for model systems, including highly conductive 
arrays of gold nanocrystals capped with Sn,S,* ions and field-effect transistors on cadmium 


selenide nanocrystals. 


precisely controlled compositions and mor- 

phologies have shown useful physical and 
chemical properties (/) and have found applica- 
tions in light-emitting devices (2), photodetectors 
(3), solar cells (4), and other devices. Despite pro- 
gress in NC synthesis, fabrication of competitive 
solid-state devices from solution-processed col- 
loidal building blocks remains challenging. In a 
NC solid, where each individual NC carries size- 
dependent properties of the respective metal, semi- 
conductor, or magnet, the transport of charges is 
dominated by the interparticle medium. The most 


[== colloidal nanocrystals (NCs) with 
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successful synthetic methodologies developed for 
colloidal nanomaterials use surface ligands to stabi- 
lize the particles with long (Cg to Cg) hydrocarbon 
chains (5) or bulky organometallic molecules (6). 
These large molecules create highly insulating bar- 
riers around each NC. Complete removal of surface 
ligands has proven to be difficult and can create 
surface dangling bonds and charge-trapping centers 
(7). In a few successful examples, ligand exchange 
by mild chemical treatment of PbSe NC films with 
dilute hydrazine solutions (8, 9) or by linking CdSe 
NCs with 1,4-phenylenediamine (0) yielded con- 
ductive NC solids with carrier mobilities comparable 
to those of solution-processed organic semiconduc- 
tors. At the same time, dynamic changes of volatile, 
easily oxidizable small linking molecules impart in- 
stabilities in the electronic properties of conductive 
NC solids. 

It would be beneficial to design surface lig- 
ands for colloidal nanostructures that (i) adhere to 


the NC surface and provide colloidal stabilization, 
(ii) provide stable and facile electronic commu- 
nication between the NCs, and (iii) constructively 
supplement the properties of the NC solid. We 
propose a generalized approach that is compati- 
ble with existing methodology for NC synthesis 
and is based on exchange of the original organic 
ligands with molecular metal chalcogenide com- 
plexes (MCCs). MCCs provide colloidal stabili- 
zation of various nanostructures while enabling 
strong electronic coupling in the NC solids. 
Some molecular MCCs are known as pre- 
cursors for mesoporous metal chalcogenides 
(J/-13) and semiconducting films with high 
carrier mobility (14, 75). Many MCCs can be 
synthesized by dissolution of bulk main group or 
transition metal chalcogenides in hydrazine (/4). 
Excess chalcogen is usually added to form sol- 
uble anionic species such as SnjS,* (/4) with 
hydrazinium (N>H;") as the counterion. Vari- 
ous structures including covalent (N»H4).ZnTe 
(16), layered N4HoCu7S, (77), and mixed-metal 
(N>H4);SnS4Mn, (/8) are accessible by this ap- 
proach. Hydrazine-stabilized MCCs, whose ex- 
act molecular structure in soluble form has yet 
to be identified, can be prepared for many other 
metal chalcogenides including GaSe3, Sb2Se3, 
Sb.Te3, CulnSe,, Culn,Ga,_,Se, and HgSe (79). 
To prepare MCC-capped NCs (Fig. 1A), we 
developed a simple ligand-exchange procedure 
based on phase transfer of NCs from a nonpolar 
organic medium into a polar solvent such as hy- 
drazine or dimethyl sulfoxide (DMSO) (9). Typ- 
ically, a solution of MCC in anhydrous hydrazine 
(~1 to 5 umol/ml) was stirred with NCs dissolved 
in hexane (1 to 20 mg/ml) until the organic phase 
turned colorless and a stable colloidal solution 
of NCs in hydrazine was formed. The ligand- 
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exchange process was greatly facilitated by the 
nucleophilic nature of MCCs, the electrophilicity 
of undercoordinated metal atoms at the NC sur- 
face, and the ability of hydrazine to efficiently strip 
off the hydrocarbon ligands (8). Infrared (IR) spec- 
troscopy, elemental analysis, and nuclear mag- 
netic resonance spectroscopy revealed the absence 
of hydrocarbon species in MCC-capped NCs, sug- 
gesting complete exchange of original ligands dur- 
ing the phase transfer (79). The generality of this 
approach is illustrated by capping 3.6-nm CdSe 
NCs with various MCCs (Fig. 1B) as well as by 
combining a given MCC ligand, Sn2S¢*, with 
various NCs (Fig. 1C). Notably, nanomaterials of 
virtually any shape (dots, rods, tetrapods, nanowires) 
and size (from dots 1.5 nm in diameter to wires 
25 nm in diameter and 5 um in length) could be 
solubilized by MCCs to form stable colloidal solu- 
tions. Below we report characteristic features of 
MCC-capped NCs, using Au and CdSe as repre- 
sentative examples of metal and semiconductor NCs. 

Measurements of electrophoretic mobility 
and C-potential indicated that in the presence of 
(N2H5)4Sn2S6, both CdSe and Au NCs are neg- 
atively charged (Fig. 1F and fig. S4) as a result of 
bonding of negatively charged MCC ions to the 
NC surface. The charging prevents aggregation 
of NCs and stabilizes the colloidal solutions. Dy- 
namic light scattering revealed single-particle pop- 
ulations in colloidal solutions (Fig. 1G and fig. S4). 
Solvents other than hydrazine can be used for 
handling MCC-capped NCs in applications where 
chemical compatibility or toxicity of hydrazine is a 


Fig. 1. (A) Sketch of a CdSe NC A 
capped with Sn2S,* ions. (B) Sta- 
ble colloidal solutions of 3.6-nm 
CdSe NCs capped with various 
metal chalcogenide complexes in 
hydrazine. (C) From left to right: 
stable colloidal solutions obtained F 
by combining (NjHs)4Sn2S, with 
3.6- and 5.8-nm CdSe NCs, 9-nm 
CdTe NCs, CdS nanorods (NRods; 
~60 nm wide, 5 nm long), CdSe 
nanowires (NWires; ~25 nm wide, 
2 to 5 um long), BizS3 NRods 
(~25 nm wide, 6 nm long), 5-nm 
Au NCs, and 3-nm Pd NCs. (D) 
From left to right: CdSe-Sn2S.*~ 
NCs dispersed in DMSO, ethanol- 
amine (EA), formamide (FA), and 
water. (E) Photograph of NC photo- 
luminescence excited by an ultra- G 
violet lamp. From left to right: 
2.9-nm CdSe-Sn2S,¢* NCs in eth- 
anolamine [green emission, quan- 
tum yield (QY) = 2%], 3.6-nm 
CdSe-Sn2S¢* in DMSO (yellow 
emission, QY ~ 3%), and Sn2S¢* - 
capped CdSe-CdS core-shell NRods 
in hydrazine (red emission, QY = 
10%). (F) C-Potential measured for 
Sn2S," -capped 8-nm CdSe NCs in 
hydrazine. (G) Size histogram ob- 
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concern. Figure 1D shows colloidal solutions of 
Sn,S¢* -capped CdSe NCs in water, DMSO, form- 
amide, or ethanolamine (/9). ¢-Potential measure- 
ments carried out for various NCs dispersed in 
different solvents and stabilized with different MCCs 
suggest that negative charging of the NC surface is 
a general phenomenon responsible for colloidal sta- 
bilization of MCC-capped NCs (fig. S4). 

Transmission electron microscopy (TEM) 
showed that MCC-capped NCs retain their size 
and shape in hydrazine phase (Fig. 2 and fig. S5). 
The ability of monodisperse NCs to form peri- 
odic structures (superlattices) was also preserved, 
as shown for two- and three-dimensional super- 
lattices of 5-nm Au NCs capped with Sn2S,* 
(Fig. 2B and fig. S6). Typically, the assembly of 
MCC-capped particles requires rigorous control of 
the surface charges through adjustment of ionic 
strength and pH and may potentially lead to the 
design of binary superlattices stabilized by elec- 
trostatic interactions (20). 

Both CdSe and Au NCs capped with SmSe 
preserved their size-dependent optical absorp- 
tion features (figs. S7 and S8). In polar organic 
solvents such as DMSO, formamide, and ethanol- 
amine, Sn,S¢* -capped CdSe NCs exhibited size- 
dependent excitonic photoluminescence with a 
quantum efficiency of several percent, compara- 
ble to that of as-prepared organics-capped NCs 
(Fig. 1E and figs. S9 and S10), indicative of a 
good passivation of surface states by MCC lig- 
ands. In neat hydrazine, the luminescence of CdSe 
NCs was quenched, whereas CdSe-CdS core-shell 
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tained from dynamic light scattering for 8-nm CdSe-Sn2S,* NCs in hydrazine. 


nanorods and tetrapods exhibited ~10% quantum 
yields (Fig. 1E). 

An important feature of MCCs is their trans- 
formation into amorphous or crystalline metal chal- 
cogenides upon mild thermal treatment (/4—/8). 
For example, Sn2S,* neutralized by volatile hy- 
drazinium counterions decomposes at 180°C: 
(N2H5)4Sn2S6 => SnS; + 4N>H4 + 2H2S (/4). 
Because of the absence of any nonvolatile or 
carbon-containing impurities, the SnS, phase crys- 
tallizes into pure electronic-grade semiconductor 
(14). The thermogravimetric scans for 3.6-nm 
CdSe NCs capped with Sn,S,*" ions generally fol- 
low thermogravimetric scans for pure (N>7H5)4SnoS¢ 
but reach the plateau at slightly lower temper- 
atures, about 160°C (Fig. 3A). The ligand con- 
version process involves a total weight loss of 
only 3.8%, favorable for producing continuous 
crack-free NC solids. The elemental analysis (fig. 
S11) is consistent with thermogravimetric data 
and confirms that typically 2 to 10 weight % of 
MCCs is sufficient to stabilize colloidal NCs in 
solution (79). After heating to 180°C, we ob- 
served complete disappearance of absorption fea- 
tures in IR spectra, confirming the absence of 
entities containing C-H, S—H, and N—H bonds 
(Fig. 3B and figs. S12 and S13). In control ex- 
periments on Au and CdSe NCs prepared using 
dodecanethiol and ODPA-HDA-TOPO (octadecyl- 
phosphonic acid, hexadecylamine, and trioctyl- 
phosphine oxide), correspondingly, the IR spectra 
remained nearly unaltered after 180°C annealing 
(fig. S14). X-ray diffraction and TEM studies re- 


3.6 nm CdSe NCs + various metal chalcogenide ligands 
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vealed substantial stability of MCC-capped CdSe 
and Au NCs against sintering into a bulk phase 
(fig. S15). 

When two or more metallic or semiconduct- 
ing nanoparticles are in close proximity to each 
other, their wave functions can couple forming 
states delocalized over several NCs or propagat- 
ing throughout the entire NC solid. The quantum 
mechanical coupling energy can be approximated 
as B = AT = exp[-(2m*AE/h7)'*Ax], where h is 
Planck’s constant, I is the tunneling rate between 


Fig. 2. TEM images of selected examples of NCs capped with Sn2S¢*" ligands: (A) 8.1-nm CdSe NCs, (B) 


two NC neighbors, m* is the carrier effective 
mass, / is Planck’s constant divided by 2n, and 
AE and Ax are the height of the tunneling barrier 
and the shortest edge-to-edge distance between 
the NCs, respectively (2/, 22). Replacement of 
bulky insulating hydrocarbon chains with much 
smaller and more conductive MCCs should 
strongly reduce both AF and Ax, thereby fa- 
cilitating electronic communication between the 
NCs. We probed the coupling between MCC- 
capped NCs by optical absorption and charge 


face-centered cubic superlattice of ~5-nm Au NCs, and (C) CdSe nanowires ~25 nm wide and 2 to 5 um 
long. Inset shows a magnified view of a single bundle of CdSe nanowires. (D) CdSe-CdS nanotetrapods. 
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Fig. 3. (A) Thermogravimetric scans for (N>Hs)4Sn2S¢ (dashed line) and for 3.6-nm (N2Hs)4Sn2S¢-capped 
CdSe NCs (solid line). (B) Fourier-transform infrared spectra for 3.6-nm CdSe NCs capped with long-chain 
organic ligands (red line) and with (NjH;)4Sn2S, ligands before (blue line) and after (green line) annealing 
at 180°C. The IR spectra were normalized to the amount of absorbing material (29) and are vertically shifted 
for clarity. The assignment of peaks is given in (29). (C) Absorption spectra collected using an integrating 
sphere for thin films composed of 4.6-nm CdSe NCs capped with original organic ligands (red line) and with 
(N2Hs)4Sn2S¢ ligands before (blue line) and after (green line) annealing at 180°C. 
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transport measurements. Thus, for 4.6-nm CdSe 
NCs capped with conventional hydrocarbon lig- 
ands, the absorption spectra of colloidal solution 
and close-packed films are very similar to each 
other, indicative of strong localization of electron 
and hole wave functions on individual NCs (Fig. 
3C and fig. S16). In contrast, the excitonic fea- 
tures in close-packed films of CdSe NCs capped 
with Sn,S,<* showed a pronounced 46-meV red 
shift relative to individual NCs in solution (Fig. 3C 
and fig. S16). Such a shift implies partial leakage of 
the wave functions into neighboring NCs that re- 
laxes the quantum confinement. Conversion of the 
Sn5S¢* ligands to SnS, at 180°C lowers the barrier 
height AZ, leading to an additional 34-meV red 
shift of the optical transitions in the NC solid while 
maintaining the excitonic features and quantum 
confinement (Fig. 3C). Similarly, Au NCs capped 
with SnS,* showed a pronounced plasmonic ab- 
sorption peak around 535 nm in solution, which 
completely disappeared in NC films (fig. S17A), 
indicating strong delocalization of the electronic 
states (23). Note that all observed spectral changes 
were reversible; the plasmonic peak appeared again 
after redissolution of the NC film. The reference 
samples of dodecanethiol-capped Au NCs showed 
strong plasmonic absorption in solutions and in 
close-packed films (fig. $17B). 

For charge transport studies, we used highly 
doped Si wafers with a 110-nm layer of thermal 
oxide and lithographically patterned Ti-Au elec- 
trode structures (79). The Si substrate was used as 
the back gate electrode for field-effect transistor 
(FET) measurements. Close-packed NC films were 
deposited on these substrates by spin coating or 
dropcasting. The film thickness was measured 
using atomic force microscopy profiles and cross- 
sectional scanning electron microscopy (SEM) 
studies. The amount of MCC ligands was kept 
below 10 weight %, sufficient to provide colloi- 
dal stabilization but insufficient to form any con- 
tinuous conductive channels of phase-separated 
metal chalcogenide, as discussed below. 

The original organic ligands rendered NC 
films highly insulating, with conductivities (0) 
on the order of ~10 ° S cm! for 5-nm Au NCs 
(Fig. 4D) and less than 10 '* S cm! for 5.5-nm 
CdSe NCs. Replacing dodecanethiol ligands with 
SnS¢" increased the conductivity of Au NC sol- 
ids by ~11 orders of magnitude, approaching o 
values of ~200 S cm! (Fig. 4D). (N2H5)4Sn2S6 
films could not support efficient charge transport 
(fig. S18), indicating that high conductivity re- 
sulted from the NCs. After electrical measurements, 
the film could be easily dissolved in hydrazine or 
H0, disassembling into individual NCs. Com- 
parison of TEM images before and after electrical 
measurements revealed no changes in NC size 
and shape, ruling out sintering as a possible rea- 
son for the observed very high conductivity. To 
the best of our knowledge, the highest conduc- 
tivity reported for Au NC solids with short-chain 
organic capping (e.g., n-ethyl or n-butanethiol) 
was less than 10'S cm! (24). The disappear- 
ance of the plasmonic absorption peak strongly 
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supports the metallic nature of Sn S¢* -capped 
Au NC solids. A Mott-type metal-insulator tran- 
sition was predicted to occur in the Au NC solids 
when the interparticle spacing is reduced below 
~1.1 nm (24). Our TEM studies revealed a strong 
decrease in the mean interparticle distance from 
~1.6 nm for dodecanethiol-capped Au NCs to less 
than 0.5 nm for Sn9S¢*-capped Au NCs (Fig. 4, 
A to C). Relative to other prospective solution- 
processable materials, the conductivity of SnoS.* - 
capped Au NC solids is much higher than the 
conductivities of solution-cast conducting poly- 
mers (25) and graphene-based composites (26) and 
is lower than the conductivity reported for a dense 
network of single-walled carbon nanotubes (27). 
MCC capping of colloidal NCs is a promis- 
ing approach to designing solution-processed in- 
organic semiconductors. Figure 4E and fig. S19 
show characteristics of a field-effect transistor 
with a channel assembled of 4.5-nm CdSe NCs 
capped with Sn,S,+ and annealed for a short 
time at 200°C. We observed an n-type gate effect 
with current modulation J5,/Iog = 10° and elec- 
tron mobility 1 = 3 x 10° cm’ V's! in the 
saturation regime (/9). Similar results were ob- 
tained for CdSe NCs capped by Sn5Se,* ions 
(fig. S20). Higher mobilities should be achieva- 
ble by replacing Au electrodes by a metal with 
lower work function and by using FETs with top- 
electrode configuration (/4, 1/9). For reference, 
u = 10° cm? V' s| has been previously 
achieved for CdSe NC films at very high doping 


densities by means of electrochemical gating 
(0, 28). Melting and sintering pyridine-capped 
CdSe NCs into a polycrystalline film by high- 
temperature anneal yielded p ~ 1 cm? V's! 
(29). Relative to those results, MCC-capped CdSe 
NCs enabled good performance of solid-state 
FETs while retaining optical and electronic 
tunability provided by the quantum confinement. 
Illumination of MCC-capped CdSe NCs increased 
their conductivity by several orders of magnitude, 
as shown for SnoSe¢*-capped CdSe NCs (fig. 
S21). We used small concentrations of MCCs to 
observe transport through “pure” quantum dot 
solids. At high concentrations of MCC compo- 
nent, highly conductive continuous channels of 
metal chalcogenide can form between the NCs. 
Indeed, we observed an abrupt increase of con- 
ductivity in composite materials made of CdSe 
NCs and (N2Hs)4Sn2Seg when the CdSe-to-SnSe, 
ratio approached 1:1 by weight (fig. S20). Com- 
plementary x-ray diffraction studies revealed the 
appearance of the SnSe, phase at this composition 
(fig. S22). 

In the previous examples, MCC ligands be- 
haved as electronically transparent “glue” for 
NCs. However, they can be used for creating 
composite materials where the properties of MCC 
and NC components complement each other. 
Thermal decomposition of the hydrazinium-based 
MCCs can generate various chalcogenide phases 
with n- and p-type conductivity, phase-change 
properties (/5), etc. (fig. S23). For example, com- 
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Fig. 4. (A) TEM image of an array of ~5-nm Au NCs capped with dodecanethiol. (B) TEM image of a layer 
of ~5-nm Au NCs capped with (NzHs)4Sn2S¢. (C) TEM image of a three-dimensional superlattice of ~5-nm Au 
NCs capped with (NjH.)4Sn S,. (D) Current-voltage (/-V) scans for a film of dodecanethiol-capped 5-nm Au 
NCs (open circles) and for a film of the same Au NCs capped with (N2Hs)4Sn2S¢ (black squares). Dashed 
arrows show the voltage scan direction. (E) Plot of drain current /p versus drain-source voltage Vp< for a NC 
FET with a channel composed of 4.5-nm CdSe NCs capped with (N2Hs)4Sn2S, and annealed at 200°C 
(channel length 10 um, width 3800 um, 110-nm-thick SiO, gate dielectric). 


bining electron-conducting nanowires (e.g., CdS) 
with hole-conducting hosts (e.g., Culn,_.Ga,Sey) 
will form materials with distributed networks of 
p-n junctions. Future work can certainly benefit 
from rational design and optimization of MCC- 
NC pairs. The possibility of all-solution device 
fabrication makes this approach appealing for large- 
area, roll-to-roll applications such as manufacture 
of thin-film solar cells. 
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Polarization Control of Electron 
Tunneling into Ferroelectric Surfaces 


Peter Maksymovych,"* Stephen Jesse,” Pu Yu,” Ramamoorthy Ramesh,” 
Arthur P. Baddorf,* Sergei V. Kalinin? 


We demonstrate a highly reproducible control of local electron transport through a ferroelectric 
oxide via its spontaneous polarization. Electrons are injected from the tip of an atomic force 
microscope into a thin film of lead-zirconate titanate, Pb(Zro.2Tig.s)03, in the regime of electron 
tunneling assisted by a high electric field (Fowler-Nordheim tunneling). The tunneling current 
exhibits a pronounced hysteresis with abrupt switching events that coincide, within experimental 
resolution, with the local switching of ferroelectric polarization. The large spontaneous polarization 
of the PZT film results in up to 500-fold amplification of the tunneling current upon ferroelectric 
switching. The magnitude of the effect is subject to electrostatic control via ferroelectric switching, 
suggesting possible applications in ultrahigh-density data storage and spintronics. 


nel through a potential barrier that exceeds 
the particle’s energy. Tunneling underlies 
the operation of the resonant tunneling diode 
(J) and flash memory (2), enables atomically 


I: quantum mechanics, a particle can tun- 


resolved imaging in scanning tunneling mi- 
croscopy (3), and holds promise for quantum 
computing based on superconducting quan- 
tum interference device magnetometers and 
quantum dots (4, 5). Replacing a conventional 
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Fig. 1. (A) Top to bottom: the surface 
topography of the PZT film imaged in 
the contact mode; simultaneously ac- 
quired piezoresponse amplitude, re- 
vealing domains of upward (¢) and 
downward (x) polarization (locally 
recorded by scanning a biased AFM 
tip) separated by a domain wall (black 
line); topographic height (Z) profile 
along the length (X) of the red dashed 
line. (B) Forty piezoresponse hystere- 
sis loops taken at random locations 
on the PZT surface. Schematics show 
domain structures forming under the 
tip on positive and negative branches 
of the hysteresis loops. (C) Distribu- 
tion of the positive (red) and negative 
(blue) switching biases. (D and E) /-V 
curves from three different locations on the surface acquired by using a 
triangular ramp of tip bias from 0 V to —5 V (D) and from 5 V to —5 Vin 
(E). The blue curves were acquired during the forward branch of the bias 
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insulator in the tunnel junction with electron- 
ically correlated materials can modify existing 
devices and yield new types of electronic func- 
tionality. In one of the earliest such concepts 
proposed by Esaki (6), dubbed a “polar switch,” 
the tunneling barrier was composed of a ferro- 
electric oxide, which would have spontaneous, 
nonvolatile polarization that could be switched 
in direction with an applied electric field. In a 
number of recent theoretical papers (7—9), in- 
cluding first-principles studies, the spontane- 
ous polarization was predicted to modulate the 
height of the tunneling barrier, which would 
yield distinct nonvolatile conductance states 
that could subsequently be used to encode in- 
formation. The density of the recorded informa- 
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ramp from positive to negative values, and the red curves were acquired 
during the reverse branch of the bias ramp from negative to positive 
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tion can potentially approach near-atomic limit 
because the width of polarization domains in 
nanoscale ferroelectric oxides can be as small as 
several nanometers (/0, //). 

It has proven difficult to find a material 
system that would simultaneously satisfy the 
dimensional constraints for tunneling and fer- 
roelectricity. Ferroelectricity vanishes below 
a critical thickness, varying from 1 to 10 nm 
(12, 13), whereas direct tunneling is only fea- 
sible across a wide band-gap oxide thinner than 
~2 nm. Although the polar distortion in perov- 
skite oxides leading to ferroelectricity was re- 
cently reported even in three unit-cell (~1.2 nm) 
films (//), the presence of switchable polariza- 
tion at this ultrathin limit has not yet been con- 
firmed. Switching could be hindered by the 
formation of lamellar domain structures and a 
strong preference of the polarization to remain 
in the as-grown state (14). Gajek et al. (15) re- 
cently demonstrated hysteresis of tunneling con- 
ductance through a 2-nm multiferroic film, albeit 
with a very small magnitude of <15%, as expected 
for the diminishing spontaneous polarization in 
such thin films (/2). In addition to these funda- 
mental physical constraints, the defect-rich nature 
of transition metal oxides often favors filamenta- 
ry and defect-mediated conduction mechanisms 
over intrinsic tunneling (/6, 17). 

To demonstrate the polarization control of 
electron transport through a ferroelectric oxide, 
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10 


Fig. 2. Simultaneous 
measurements of local 
conductance and piezo- 
response on the surface 
of a 30-nm PZT film. The 1 
bias ranged from 5 V to 
—5 V for /-V curves in 
(A) and (C) and from 0 V 
to —5 V for that in (D). 
(B) Correlation between 
current and strain curves 
based on 126 measure- 
ments acquired on a 
6400-nm? grid with a lat- 
eral resolution of 20 nm. 
Each horizontal line in 
the images corresponds 
to one forward /-V (left) 
and its matching strain 
(right) curve. Both /-V and 
strain curves in the data 
set were sorted according 
to the negative tip bias 
at the largest current 
discontinuity. The dis- 
continuities lie along the 
boundary of the blue 
and yellow regions. The 
boundaries are identical 
in the current and strain 
measurements, revealing 
the coincidence of the re- 
spective switching events. 
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we used the tunneling barrier electronically de- 
fined at the junction between a sharp metal tip 
and the ferroelectric surface. We could thus avoid 
the necessity to reduce the oxide width and were 
able to work with relatively thick ferroelectric films 
(30 nm) with large spontaneous polarization. The 
electrons were injected into the oxide from the 
metal tip in the regime of Fowler-Nordheim (FN) 
tunneling (78) across an effectively triangular- 
shaped barrier. The FN conductance was found 
to be strongly dependent on the polarization 
direction, which resulted in abrupt enhance- 
ment of current (up to 500-fold) at ferroelectric 
switching events. 

We studied the local transport properties of 
the (100)-oriented 30-nm ferroelectric film of 
tetragonal Pb(Zrp.2Tip. g)O3 (PZT) by using atomic 
force microscopy (AFM) in ultrahigh vacuum 
(UHV). The surface of the film was flat with 
well-defined unit-cell steps (Fig. 1A). The pre- 
ferred direction of spontaneous polarization is 
toward the bottom metallic Lap 7Stp3MnO3; (LSMO) 
electrode. The polarization could be readily 
switched in UHV (Fig. 1B) by biasing the AFM 
tip relative to the bottom electrode. The switch- 
ing bias, determined from the piezoresponse 
hysteresis loops (19), varied across the surface 
because of the inherent disorder in the film with 
averages of 1.3 + 0.6 V and -3.7 + 0.8 V for 
the positive and the negative nucleation bias, 
respectively (Fig. 1C). The hysteresis loops 
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Streaks in the images correspond to double jumps as in (C). 


also revealed a ~1.2-V built-in potential across 
the film. 

Local current-voltage (/-V) characteristics 
(Fig. 1, D and E) were highly rectifying with 
no current above the noise floor (~40 pA) 
observed at positive tip bias. The shape of the 
I-V curve, however, depended strongly on the 
probed range of the tip bias. The onset of 
current was smooth, and the /-V curve exhib- 
ited little or no hysteresis between forward 
(increasing negative tip bias) and backward 
bias ramps if the positive bias was limited to 
<0 V (Fig. 1D). In contrast, increasing the 
upper limit to >2 V yielded an abrupt current 
jump in the forward direction, followed by a 
continuous region and a smooth reverse curve 
(Fig. 1E). The tip bias at the current discon- 
tinuity varied across the surface with an aver- 
age value of —3.3 + 1.1 V. Because this voltage 
variation is well within the range of ferro- 
electric switching (Fig. 1C), the observed cur- 
rent hysteresis may be related to the ferroelectric 
polarization of the surface. However, a rigorous 
correlation can be established only in a simul- 
taneous measurement of the ferroelectric and 
conducting properties because transition metal 
oxides can exhibit defect-mediated resistive 
switching (/6, 20, 21) and charge injection 
from the AFM tip was previously shown to in- 
duce local conducting states in lead-zirconate 
films (22). 
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To acquire local piezoresponse hysteresis 
loops (Fig. 1B), we applied an ac bias to the 
AFM tip after subsequent dc-poling cycles (/9). 
A typical ac bias amplitude of >0.5 V tended to 
smooth the observed ferroelectric switching 
event and also interfered with the conductance 
measurements. Thus, we acquired local strain 
loops via a static displacement of the AFM tip 
during the dc-bias ramp (23). As seen in Fig. 
2A, the strain loop in a symmetric bias window 
(+5 V to —5V) had a clear butterfly shape 
because the direction of local surface deforma- 
tion changed sign (discontinuity in strain curves) 
at the ferroelectric switching events. The statis- 
tical distributions of the switching bias from the 
strain and ac-piezoresponse measurements were 
similar (Fig. 3A), although the former yielded 
slightly smaller average values. This difference 
was likely caused by a relaxation effect, in that 
the occurrence of a stable reverse-polarity do- 
main was detected at zero tip bias in the ac 
technique and at a nonzero value in the strain- 
loop measurements. 
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The discontinuities in the strain loop and the 
simultaneously acquired current hysteresis coin- 
cide at negative tip bias (Fig. 2A). This behavior 
was reproduced in all of ~600 hysteretic /V curves 
acquired in different places on the PZT surface, 
a subset of which is shown in Fig. 2B. About 
10% of the measured points displayed match- 
ing patterns of several discontinuities in the -V 
and strain curves (Fig. 2C). This response may 
be indicative of defect-mediated pinning of the 
reversed-polarization domain growth. At the same 
time, smooth /-V curves correlated only with 
continuous strain loops, where no ferroelectric 
switching occured (Fig. 2D). Lastly, the transi- 
tion between smooth (Fig. 2D) and hysteretic 
I-V characteristics (Fig. 2A) occurs at the mini- 
mal positive bias required to open the butterfly- 
shaped strain loop (fig. S1). These measurements 
rigorously establish the correlation between switch- 
ing of ferroelectric polarization and electronic 
conductance. 

To rule out a possible involvement of residual 
adsorbates in the observed effects, we carried out 
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Fig. 3. (A) Distribution of the switching bias was determined from strain loops (blue) and ac- 
piezoresponse loops (red). (B) The measurement of the first contact resonance of the cantilever as a 
function of dc bias. The amplitude of the oscillation varies because of nonlocal electrostatic effects 
(36). (C) Schematic polarization domain structure and interfacial band alignment for low- and 
high-conducting states of the PZT film. Only the conduction band profile of the ferroelectric is 
shown. The dashed line corresponds to a uniform potential in the film, whereas the solid line is the 
schematic nonuniform distribution in the disk and in thin Schottky barrier models. (D) Fitting of a 
smooth /-V curves (blue) to the modified FN equation in the framework of the disk potential and 
thin Schottky barrier models (blue curve, data; red curve, fit; a, disk radius). 
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a control experiment on a similarly grown 50-nm 
PZT-LSMO film and found that annealing the 
film in 20 mTorr oxygen atmosphere at T= 600 K 
for 20 min had no observable effect on the 
polarization-dependent electron transport through 
the film (fig. S2). At the same time, the repro- 
ducibility of /-V curves across the surface dis- 
tinguishes our results from those of filamentary 
conduction because the spatial distribution of con- 
ducting filaments was shown to be very nonuni- 
form (17). Also, highly rectifying /-V characteristics 
(Fig. 2, A and C) are distinct from a previous 
study of a macroscopic ferroelectric capacitor, 
where the /-V curves became ohmic after polar- 
ization switching (24). 

Smooth /-V curves can be linearized in the 
coordinates log(/V*) = f(V_'), which is a sig- 
nature of FN tunneling through a triangular 
potential barrier. The FN tunneling current (/8), 
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is a function of the barrier height, op; electric 
field, E; effective tunneling area, A.g; and the 
effective electron mass in the tip (mp,, assumed 
~m,) and in the PZT (mpz7, assumed here 
~3m,). The observed current hysteresis implies 
that the FN-tunneling conductance is drastically 
reduced when the polarization vector is anti- 
parallel to the applied electric field. Polariza- 
tion switching is accompanied by the changes 
in local strain and electrostatics in the material, 
both of which can be the source of hysteresis. 

We can rule out nanomechanical origins, 
such as the local expansion of the material and 
the change of the tip-surface contact area, Ag. 
Indeed, this piezoelectric effect would increase 
the width of the tunneling barrier upon switch- 
ing (7), leading to a drop in the tunneling con- 
ductance, opposite to the observed trend (Fig. 2, 
A to C). The changes in the tip-surface contact 
area were ascertained to be insignificant by mea- 
suring the bias dependence of the contact reso- 
nance of the cantilever (Fig. 3B). The frequency 
varied by only ~300 Hz across the whole bias 
range, corresponding to at most a twofold change 
in the contact area (25).The current, however, 
increased by several orders of magnitude upon 
switching. Furthermore, the resonance frequen- 
cy decreased at negative tip bias, indicating that 
the contact area slightly decreases too. The FN- 
current hysteresis must therefore arise from elec- 
trostatic effects, originating from the screening 
of the bound polarization charge on ferroelectric 
surfaces (7, 9). 

The barrier height in Eq. 1 corresponds to 
the height of the Schottky barrier at the metal- 
ferroelectric interface. The interfacial band align- 
ment is influenced by the presence of bound 
dipoles (26). These dipoles may originate from 
dangling bonds or polar terminations in conven- 
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tional semiconductors, whereas in ferroelectrics 
there is an additional strong component caused 
by the bound polarization charge. In the sim- 
plest one-dimensional model, the metal and fer- 
roelectric are separated by an ultrathin insulating 
layer that could arise from a nonepitaxial contact 
(between the tip and the surface in our case), the 
reacted surface layer, or the formation of an 
intrinsic dielectric dead layer (27). The poten- 
tial drop across the dielectric gap rigidly shifts 
the electronic bands of the ferroelectric relative 
to the Fermi level of the tip (Fig. 3C). The 
change of the barrier height can be estimated as 
Ady = Sto, (26), where 8, is the width of the 
dielectric gap, €; its dielectric constant, and o, 
is the surface charge density. The magnitude of 
6, is determined by the competition between 
internal and external screening of the polariza- 
tion charge, as well as a possible suppression 
of the polarization charge in the vicinity of the 
interface (27). Adp is ~0.7 eV for an estimated 
8; = 0.06 nm, €; = €o, and o, = 0.1 C* m~. 
This difference is large enough to fully sup- 
press FN electron tunneling into an oppositely 
polarized film, as observed experimentally. 
Because the accumulation of positive sur- 
face charge on an upward polarized surface 
will shift the ferroelectric bands down in en- 
ergy (Fig. 3C), the Schottky barrier for elec- 
tron tunneling into the conduction band of the 
ferroelectric (n-type band alignment) will de- 


Fig. 4. (A) High-to-low 
ratio of conductance as 
a function of the tip bias 
corresponding to ferro- 
electric switching from 
the analysis of 400 hys- 
teretic -V curves. (B) Pro- 
totypical memory action 
based on the ferroelectric 
control of FN tunneling. 
The blue curve is a pulse 
sequence that records 
(w) and reads out (r) 1 
high (logical 1) and low 

(logical 0) conductance 

states. The red curve is a -5.0 
current readout. (C and B 
D) Local /-V (top) and 
strain (bottom) curves on 
50-nm PZT films with 
SRO (C) and LSMO (D) 
bottom electrodes. 
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crease in height. The n-type band alignment in 
the tip-surface junction is consistent with the 
observation of current at negative tip polarity. 
Therefore the external screening model pre- 
dicts the right sign of the effect irrespective of 
the detailed mechanisms. Our estimate also agrees 
with recent ab initio calculations of an epitaxial 
SrRuO3-BaTi03-SrRuO; capacitor, where the 
barrier height decreases by ~0.4 eV for upward 
polarization because of combined effects of 
electrostatics and local chemical bonding (9). 

Fitting of Eq. 1 to the experimental /-V curves 
with the assumption of a 300-nm* contact area 
(20-nm tip diameter) reveals that the electric 
field has to exceed 5 x 10° V’ cm ' to allow 
tunneling across a realistic potential barrier of 
0.8 to 1.0 eV between Pt (the tip coating) and 
PZT (28). This value is at least five times higher 
than what would be achieved if the potential 
drop were uniform across the PZT film. The 
required nonuniformity can be produced by the 
sharpness of the metal tip producing a localized 
electric field in the vicinity of the surface or by a 
relatively large total density of deep and shallow 
levels in the band gap of the ferroelectric that 
yield narrow Schottky barriers via effective 
screening. 

To assess the strength of a localized field, we 
have modeled the tip-surface junction as a disk 
in contact with a dielectric surface (29). Al- 
though the model fits the data very well (Fig. 
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3D), sufficiently localized fields in a dielectric 
substrate (or a fully depleted film) are produced 
if the tip diameter is less than 5 nm (25), where- 
as the effective tunneling area is ~4 nm?. These 
values are less than the expected tip diameter of 
>20 nm in contact-mode AFM. Thus, the lo- 
calized field enhancement can take place if there 
is a sharp asperity on the tip surface that domi- 
nates the tunneling transport. Notably, although 
the potential drop across the film is nonuniform, 
it is almost identically linear several nanometers 
under the tip (fig. S4), creating a narrow trian- 
gular potential barrier where the FN-tunneling 
equation applies. 

The second possibility of thin Schottky bar- 
riers was previously invoked to rationalize the 
occurrence of FN tunneling in capacitor experi- 
ments with macroscopic electrodes (30, 3/). 
Several works (30, 32) have reported a relative- 
ly high total density of rechargeable levels in 
Pb(Zrp2Tig g)O3 films, up to 107° cm. The ferro- 
electric film can then be treated as a doped 
semiconductor, where the polarization charge is 
screened by charged and ionized defects (33). 
The depletion width and the corresponding max- 
imum electric field (£,,) at the interface become 
polarization dependent. E,, can exceed 4 MV 
cm ' already at a tip bias of 2 V (25). Substituting 
the bias-dependent £,,, into the Eq. 1 also yields a 
good fit to the measured /-V curves (Fig. 3D), 
with an average barrier height of 1.1 + 0.1 eV, 
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a realistic tunneling area of 300 + 6 nm? (tip 
diameter ~ 20 nm), and a spontaneous polariza- 
tion of 0.4 + 0.1 C cm *. The depletion width 
in this model is polarization dependent, which 
will introduce strong current hysteresis in ad- 
dition to that from the change of the barrier 
height. 

Although we cannot determine which of the 
above models is dominant, we have observed 
similar local transport through 50-nm PZT films 
(fig. S2) and 5-nm BiFeO; films (fig. $3). The 
barrier narrowing thus appears to be an intrinsic 
property of high-field transport in perovskite 
ferroelectrics, in agreement with a number of 
capacitor measurements (30). The polarization 
dependence of the Schottky barrier height will 
have an equally pronounced effect on local con- 
ductance independently of the model, and it will 
also produce strong conductance hysteresis in 
the Schottky emission (34), another interface- 
limited conduction mechanism that exhibits ex- 
ponential dependence on the barrier height. 

The pronounced coupling between ferroelec- 
tricity and FN tunneling results in high-to-low 
conductance ratios up to 500:1 in the region of 
the current hysteresis (Fig. 4A). The conductance 
ratio grows exponentially with decreasing ferro- 
electric switching voltage because the downward- 
polarized surface shows no detectable conductance 
(Fig. 2, A and D). The hysteresis observed in our 
measurements was already sufficient to demon- 
strate a prototype resistive memory action. Figure 
4B shows a series of consecutive write (+5 V) 
and read (—2 V) bias pulses, where the read volt- 
age was chosen to yield measurable current on 
the upward polarized surface. The memory ef- 
fect is manifested in the ability to read out high 
(30 to 50 pA) and low (noise limited to ~1 pA) 
conductance states and to do so nondestructively 
(Fig. 4B) because the read bias was at least 1 V 
below the onset of ferroelectric switching. Theo- 
retically, the FN-conductance ratio can exceed 
five orders of magnitude, depending on the 
polarization-induced change of the barrier height, 
tip bias, size, and material properties (fig. S6). 
The hysteresis window can be optimized through 
the built-in field across the ferroelectric film by 
varying its dimensions, doping, and the choice of 
the bottom electrode and tip materials. This is 
exemplified in Fig. 4, C and D, for 50-nm PZT 
films grown on SrRuO3 (SRO) and LSMO 
electrodes. The /V curve on the PZT-SRO film 
revealed negligible hysteresis because ferroelec- 
tric switching occurred in the bias range where 
the film was insulating (Fig. 4C). Substituting 
SRO with LSMO produced a strong built-in 
field, overlapping the bias range of conduct- 
ance and polarization switching events and creat- 
ing a very pronounced conductance hysteresis 
(Fig. 4D). 

The large magnitude of the conductance hys- 
teresis, its tunability via ferroelectric switching, 
and the ability to implement nondestructive 
resistive (rather than capacitive) read-out of po- 
larization direction indicate the promise of fer- 
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roelectric FN tunneling in the development of 
ultrahigh-density information storage. Accord- 
ing to a recent theoretical study, the minimum 
recordable domain size decreases with thickness 
but passes through a minimum, increasing again 
for the thinnest films (35). A relatively weak 
thickness dependence of FN tunneling will thus 
be critical in achieving the highest density of 
resistively readable information on a ferroelec- 
tric surface. The compatibility of FN tunneling 
with multiferroic oxides (such as BiFeO3) also 
poses a possibility of implementing multiferroic 
control of this transport regime for spintronic 
applications. Lastly, polarization-dependent trans- 
port can be used to study the ferroelectric prop- 
erty itself in an attempt to reveal the switching 
mechanisms in nanoscale systems and explore 
the role of defects. 
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Isotopic Homojunction Band 
Engineering from Diamond 


H. Watanabe,* C. E. Nebel,t S. Shikata 


Confinement of charge carriers in semiconductors by quantum wells is usually accomplished 

with layers that vary in elemental composition, such as aluminum gallium arsenide and gallium 
arsenide. We fabricated diamond superlattices by creating multilayer structures of isotopically pure 
carbon isotopes carbon-12 (?2C) and carbon-13 (730), which confine electrons by a difference in 
band-gap energy of 17 millielectron volts. Cathodoluminescence experiments performed at 

80 kelvin showed that excitonic recombination in the higher-energy band of 7°C vanishes in 
favor of increased recombination in the lower-energy 22C material. Carrier confinement was 
achieved in diamond superlattices made up of both thinner (30 nanometers) and thicker (up to 


350 nanometers) layers. 


chitectures (periodic layers of materials with 
different band gaps) play an important role in 
creating quantum wells. These low-dimensional 


I: semiconductor applications, superlattice ar- 


structures can exhibit high electron and hole mo- 
bilities, and they can be used to tune the emission 
properties of light-emitting diodes and lasers, to 
realize optical gratings for dielectric resonator struc- 
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tures, or simply to confine electrons and holes in 
well-defined volume fractions of hetero-junction 
devices. Superlattice structures are usually engi- 
neered by using different material compositions, 
most prominently III/V semiconductor junctions 
such as AlGaAs/GaAs high-electron mobility tran- 
sistors (HEMTs), in which the variation of Al con- 
tent gives rise to a variation of the electronic band 
gap (1). For diamond, a “wide—band-gap” semi- 
conductor (5.48 eV), superlattice structures have 
not been realized as yet, because diamond cannot 
be alloyed with other elements (admixtures to the 
diamond lattice cause defect formation). 

However, isotopic compositions can alter the 
electronic structure through electron-phonon cou- 
pling and through the change of volume with iso- 
topic mass. These effects can be applied to realize 
low-dimensional superlattices from diamond. The 
excitonic band gap of diamond as a function of 
mass decreases from '°C to '*C by 19 meV, 
which is about one order of magnitude greater 
than for the heavier elements Si or Ge (2—5). This 
strong variation can be used to create a type 
of superlattice, based on isotope variations, that 
could be and will allow fabrication of two- 
dimensional electronic devices, such as HEMTs 
from diamond. In addition, atomically controlled 
arrangements of spatially nuclear spins ('°C) in 
combination with zero nuclear spin '*C atoms are 
required for diamond quantum computing appli- 
cation (6—/3). 

Compositional impurities of isotopes with dif- 
ferent masses are a common issue inherent in al- 
most all semiconductor materials (3, 4, 14-16). 
Isotopic control is, however, an undeveloped field 
in semiconductor device applications, even for 
silicon. Hence, a control of isotope compositions 
in diamond offers new routes to applications far 
beyond conventional approaches. 

Recently, we successfully used microwave 
plasma-assisted chemical vapor deposition to syn- 
thesize high-quality single-crystalline diamonds 
with controlled carbon isotope compositions (/7). 
Advanced research focusing on controlled iso- 
tope composition of diamonds was performed by 
A. T. Collins et al. in 1990 (18). For isotopic de- 
fined diamond grown by high-pressure and high- 
temperature (HPHT) methods, they discovered 
that diamonds enriched by '%C have a band gap 
that is 13.6 meV greater than diamonds enriched 
by '*C. The theoretical prediction for this value is 
16.5 meV (/8). Furthermore, an energy gap of 
14.6 meV was observed by T. Ruf et al. in 1998 
(19). They also found that the band gap depends 
linearly on the '°C isotopic content. In 2004, an 
energy gap of 18 meV for '3C diamond was 
reported by R. Sauer et al. (20). However, any ver- 
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ification relating to isotopic effects in diamonds 
has mostly been limited to diamonds synthesized 
by HPHT from carbon raw materials that include 
a metal catalyst, which limits the purity and size 
of the product. The actual variation of band-gap 
energies and their accurate detection depends ul- 
timately on the quality of the isotopic films and 
on the temperature during measurement. More 
recently, we revealed a band-gap shift of 19 meV 
(5) by measurements of ultraclean diamonds, and 
this value is greater than the theoretical prediction 
from (/8). 

Here we present the use of highly purified 
'2C and 'C diamond superlattices to control 
electron confinement, an effect not yet de- 
tected in Si (2/) and other materials (22—25). 
These results indicate the use of band-gap en- 
gineering, which will allow the development of 
high-mobility devices using diamond quantum- 
well structures, an increase in light emission, 
and the realization of well-defined stacked 


13 diamond '2C diamond 


isotope arrangements for quantum computing 
applications. 

Diamond superlattice structures have been real- 
ized by homoepitaxial growth on single-crystalline 
diamonds substrates with alternating layers of 
"C and '°C diamond (Fig. 1A) (26). Two types of 
layered structures were grown on synthetic dia- 
mond substrates by switching between different 
supply lines of isotopically enriched methane 
gas (either "CH, or '°CH,) and setting a fixed- 
growth time window. In one case, a ~870-nm- 
thick film of '*C diamond (Fig. 1A, also shown 
in cross section in Fig. 2A) was grown, followed 
by 13 repeating cycles of °C and '?C diamonds 
of films measuring 30 nm in thickness. The re- 
sults of compositional depth profile analysis, based 
on secondary ion mass spectrometry (SIMS) of the 
derived '°C/'*C diamond multilayer film (Fig. 1B) 
and the distribution of compositionally controlled 
®C and 3C diamond, shows uniform layers with 
sharp boundaries. 


Fig. 1. (A) Schematic sketch 
of the periodic layered struc- 


SIMS intensity (counts/sec) 


wel i 1 1 


tures of isotopically enriched 
diamond films grown in this 
work. (B) Depth profiles mea- 
sured by SIMS. Green repre- 
sents 7°C diamond layers; 
purple represents °C layers. 
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ment. Green represents Ee 
CL collection diamond layers; purple rep- 
direction resents 73C layers. Further 
H details of the structure are 
provided in the text. An 
electron beam is incident 
on the sample, generating 
electron-hole pairs. CL are 
collected under 180° from 
the incident electron beam. 
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We used the free-exciton emission properties 
to investigate the cathodoluminescence (CL) 
signal at 80 K from the above-described structure 
(Fig. 1A, also shown in cross section in Fig. 2A) 
and, in addition, from a superlattice consisting of 
only 5 repeating cycles that are ~10 times thicker 
(350 nm) than the 13 repeating cycles that we used 
previously (Fig. 2B). For comparison, we also 
grew a single layer of '*C that was ~350 nm 
thick, either embedded in a thick '°C film (Fig. 2C) 
or on top of the '°C film (Fig. 2D). The electron- 
beam penetration depth shown in the figure was 
determined by the Kanaya-Okayama model (27). 
This electron-beam penetration depth is approx- 
imately equal to the range in which electron-hole 
pairs are generated, and it can be controlled by 


Fig. 3. (A to D) Spectra correspond re- 
spectively to layered structures [(A) to (D)] 
shown in Fig. 2. The thick red line shows 
one fitting of an experimental spectrum. 
The observation temperature was 80 K. 


CL intensity (counts/sec) 
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Fig. 4. (A) Energy band diagram. 
Simplified schematic diagram of ar- A 
rangements of the confinement of 
electrons and holes in the periodic 
layered structures of isotopically en- 
riched diamond films (Fig. 3, A and 
B) showing the observed excitonic 
spectra. F, and Fy are conduction 
band-edge and valence band-edge, 
respectively. (B) Changes in *2c/*2c 
ratio of CL integrated luminescence 
intensity. The behaviors of “a” to 

“d" correspond, respectively, to the Ey 
(A) to (D) spectra results shown in 

Fig. 3. 
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electron-beam accelerating voltage. We can esti- 
mate a penetration depth of ~1400 nm, based on 
the electron-beam accelerating voltage of 13 kV. 
The electrons and holes generated within the dia- 
mond form excitons (electron-hole pairs). If the 
crystal is of sufficiently high quality with low ex- 
trinsic purities, free-exciton recombination can be 
detected with a peak energy at 5.27 eV (28). 
Figure 3 shows CL spectra taken at 80 K from 
the samples shown in Fig. 2. To determine the 
peak positions, we used one asymmetric function 
to fit the spectra. As shown in Fig. 3A, a single 
peak was observed at 5.281 eV. This spectrum 
can be explained as the free-exciton emission from 
the '?C diamond with transverse optical phonons. 
No peak was detected for '°C. In contrast, in Fig. 
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3, C and D, this spectrum consists of two com- 
ponents with peaks at 5.280 and 5.297 eV, re- 
spectively, with the expected energy difference of 
17 meV. 

We can account for these results with the use 
of a simple energy diagram of the superlattice (Fig. 
4A) to explain the exciton emission spectrum ob- 
served from the layered structures shown in Fig. 
3, A and B. Here, the band-gap energy difference 
is fixed at the experimental value of 17 meV, but 
the relation between E,, and Ey is only speculative 
(E, is conduction band-edge and Ey is valence 
band-edge). Excitonic emission is not observed 
from the higher-energy band gap of '°C, but it was 
observed from the '*C layer, which is lower in 
energy. The carriers that form in the BC layer 
migrate by carrier diffusion into the lower-energy 
"°C layers. This result suggests that carrier 
confinement is possible for diamond by means of 
potential set up by layers of different isotopic 
composition. In comparison, the energy difference 
in the heavier elements is much less: In silicon 
C°Si to 28Si), it is only 1 meV (/6), and in ger- 
manium ("Ge to Ge), it is even less (0.36 meV) 
(16). Comparable results for superlattices have 
not been reported in these materials. 

In conventional abrupt heterojunction struc- 
tures, carriers recombine at the junction interface, 
and graded structures are adopted to minimize 
the recombination. However, in our structure, 
relatively high emission efficiency from the '*C 
layer is observed, as shown for the 30-nm mul- 
tilayers with 25 junction interfaces, as well as for 
the 350-nm multilayers with only 3 interfaces. 
This similarity indicates that the recombination at 
the homojunction interface is rather low and the 
junction quality high, and also that the excess car- 
riers in isotopically pure diamond have long life- 
times and long diffusion lengths (at least 175 nm). 
Thus, high-quality homojunction band engineer- 
ing can be achieved with the use of isotopically 
well-defined diamond. 

We assume that the CL signal originates only 
from the recombination of excess carriers distrib- 
uted in the crystal as a result of electron-beam ex- 
citation. The exciton emission intensity generated 
by CL excitation is proportional to the integral of 
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the concentration of carriers distributed throughout 
the generating range of the electron beam [An(z)]. 


An(z) 


& 


Toy & J dz (1) 


In this formula, 1, is the life of the carriers that 
contribute to radiative recombination, V is the 
generation volume, and z is a depth. On the basis 
of this assumption, the CL intensity (/c,) is simply 
proportional to the film thickness. The expected 
CL intensity ratios of '8C to °C, calculated from 
the thicknesses of the multilayer structures, are 
shown in Fig. 4B. All of the experimental data 
show dramatic decreases, accompanied by a 
decrease of emission from '°C layers and the 
related increase from '*C layers. Even for the 
structures in Fig. 2, C and D, which consist of 
a '*C single layer in '°C, the intensity (J) ratio 
I'3Cy['*C] decreases from 1/2 to 1/3, with re- 
spect to the expected ratio. These phenomena 
indicate that a large diffusion length of the ex- 
cited carriers plays an important role. Several 
studies have reported diffusion lengths in natural 
isotopic mixtures of diamond that range from 500 
nm to 250 um (29-3/). Our results indicate that 
almost all carriers generated in our samples 


diffuse at least 175 nm and may diffuse up to 
several hundred nanometers. 
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Measuring the Charge State 
of an Adatom with Noncontact 
Atomic Force Microscopy 


Leo Gross,’* Fabian Mohn,” Peter Liljeroth,* Jascha Repp,”’ Franz J. Giessibl,? Gerhard Meyer? 


Charge states of atoms can be investigated with scanning tunneling microscopy, but this 

method requires a conducting substrate. We investigated the charge-switching of individual 
adsorbed gold and silver atoms (adatoms) on ultrathin NaCl films on Cu(111) using a qPlus tuning 
fork atomic force microscope (AFM) operated at 5 kelvin with oscillation amplitudes in the 
subangstrom regime. Charging of a gold atom by one electron charge increases the force on 

the AFM tip by a few piconewtons. Moreover, the local contact potential difference is shifted 
depending on the sign of the charge and allows the discrimination of positively charged, neutral, 
and negatively charged atoms. The combination of single-electron charge sensitivity and atomic 
lateral resolution should foster investigations of molecular electronics, photonics, catalysis, 


and solar photoconversion. 


ecently, tremendous progress has been 
R= in atomic force microscopy (AFM). 
or example, chemical sensitivity on the 

atomic scale (/), manipulation of atoms laterally 
(2) and vertically (3), and the measurement of 


lateral forces during atomic manipulation (4) have 
been demonstrated. The resolution of local contact 
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potential difference (LCPD) maps acquired with 
kelvin probe force microscopy (KPFM) (5) has 
also been pushed to the atomic scale (6-10). 

In this paper, we present the measurement of 
single-electron charges with atomic resolution by 
use of AFM. The charge state and charge dis- 
tribution of adsorbates are an important property 
that governs many physical and chemical pro- 
cesses and moreover can be exploited in single- 
electron devices (//, /2). Single-electron devices 
have attracted considerable attention because 
they exhibit interesting physical properties and 
functionalities, such as Coulomb blockade and the 
Kondo effect. To investigate such devices and the 


underlying physics at the ultimate spatial limit, it 
is essential that single-electron charges can be 
probed directly and with atomic resolution. For 
example, the ability to map the charge distribu- 
tion of a single molecular charge-transfer com- 
plex will deepen the basic understanding of and 
advance the search for materials for molecular 
electronics and organic photovoltaic cells. Further- 
more, important insight into catalytic processes 
will be gained because the charge state also governs 
the catalytic reactivity of adsorbates (/3). Most of 
the systems of relevance in this area involve 
insulators as a prerequisite to separate charges. 
Probing the charge state of single adatoms has 
recently been demonstrated with scanning tun- 
neling microscopy (STM) (/4-/6). However, 
this indirect measurement requires a conducting 
tunneling junction, which is incompatible with 
insulators. In contrast, electrostatic force measure- 
ments performed with noncontact AFM (NC-AFM) 
can achieve single-electron sensitivity (/7—23). 
In most of these studies, the micromechanical 
cantilevers have oscillation amplitudes in the 10 to 
50 A regime. Such large amplitudes increase the 
sensitivity to long-range electrostatic forces but 
limit the resolution of short-range chemical forces 
and therefore the spatial resolution. For atomic 
resolution, oscillation amplitudes on the order of 
1 A are desirable (24). In this work, we dem- 
onstrate the switching and direct measurement of 
the charge state of a single atom with AFM. Our 
approach combines electrostatic force microscopy 
of single-electron sensitivity with lateral atomic 
resolution. We image and identify differently charged 
individual atoms, and measure the difference in 
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vertical force and LCPD caused by single-electron 
charging. 

The low-temperature STM/AFM is based on 
a qPlus sensor design (25) operated in ultra-high 
vacuum at a temperature of ~S K. A metal tip (26) 
is mounted on the free prong of the tuning fork, 
and a separate tip wire (that is insulated from the 
electrodes of the tuning fork) is installed to measure 
the tunneling current. The bias voltage Vis applied 
to the sample. The high stiffness of the tuning fork 
[spring constant (4) = 1.8 x 10° Nim, resonance 
frequency (fo) = 23 kHz, and mechanical quality 
factor (O) = 5 x 10*] allows stable operation at 
subangstrom oscillation amplitudes A (down to A= 
0.2 A) in the frequency modulation mode (27). As 
a model system, we used single Au and Ag 
adatoms on 2-monolayer (ML)-thick NaCl films 


Fig. 1. (A) Model of the 


on Cu(111) (Fig. 1A). Previous studies (14, /5) 
have shown that the adatoms can be switched 
reversibly between different charge states by ap- 
plying suitable bias pulses with the STM tip. The 
NaCl layers are thin enough to permit the tunneling 
of electrons but can stabilize a single charge on the 
metal adatom through ionic relaxation in the NaCl 
film. The differently charged atoms have been 
identified by means of STM, scanning tunnel- 
ing spectroscopy (STS), as well as comparison 
with density functional theory (DFT) (/4, /5). 
Below, we describe how we can resolve the 
charge state of individual atoms directly from 
AFM measurements. 

In a constant-current STM measurement (Fig. 
1B), a negatively charged gold adatom (Au ) is 
identified by its surrounding depression (sombrero- 


tip-sample geometry, show- 
ing the definition of the 
oscillation amplitude A and 
the tip height Az (26). (B) 
Constant-current STM mea- 
surement [V = —50 mV and 
current (/) = 2 pA] of Au® 
(left) and Au” (right) adsorbed 
on NaCl(2 ML)/Cu(111). The 
line scan is through the center 
of both atoms shown in the 
inset (image size of insets is 
55 Aby17 A). (© Current and 
(D) frequency shift recorded 
simultaneously in a constant- 
height measurement (Az = 
5.0 A, V=—5 mV, and A = 


0.3 A) of the same area as shown in (B). Low-pass filtering 
(adjacent averaging) has been applied. The color scale in 
(B) to (D) corresponds to the height, current, and Af values, 
respectively, in a three-dimensional representation of the 


images, cut along the line profile. 


20 30 40 
Lateral Distance (A) 


Lateral position (A) 


Lateral position (A) 


Fig. 2. (A) Frequency shift Af recorded at a constant height (A = 0.22 A and V=—2 mV) above Au° and 
Au. Different line scans correspond to different tip heights Az as indicated. For some curves, every eighth 
point of the raw data are shown as an open circle in Fig. 2A; the solid lines correspond to the averaged 
data. (B) Vertical force F7* extracted from the averaged data in (A) with the oscillation amplitude 
deconvolved and the constant background force subtracted from each curve (26). 
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shaped) and its smaller apparent height (1) [/(Au_) ~ 
1.5 A] with respect to a neutral Au adatom Au? 
[h(Au’) = 2.0A] (4). The same atoms were then 
imaged in constant-height mode, and the tunnel- 
ing current (Fig. 1C) as well as the frequency-shift 
(Af) signal (Fig. 1D) were recorded simultaneous- 
ly. The larger absolute value of the tunneling 
current above Au® than above Au is in agree- 
ment with its larger apparent height in constant- 
current STM images. In the Af image (Fig. 1D, 
inset), taken with NC-AFM, the adatoms are re- 
solved as circular depressions with a diameter 
(full width at half maximum) of 6.5 and 5.5 A for 
Au and Au , respectively. The peak frequency 
shift measured above the negatively charged 
Au [Af(Au ) =~-1.86 Hz] is, in absolute values, 
greater than above Au® [AfAu°) = —1.39 Hz]. 
Figure 2A shows constant-height line scans above 
these two adatoms recorded at decreasing tip-to- 
sample distances Az. 

We used the method described by Sader and 
Jarvis (28) to deconvolve the oscillation ampli- 
tude from Af and extract the vertical force from 
the constant-height line scans (26). In Fig. 2B, we 
plot the vertical force component; the background 
of the force from the substrate has been subtracted. 
The line scan at closest tip approach, correspond- 
ing to a tip height of 4.8 A, shows an attractive 
force that is 11 pN greater above the negatively 
charged Au atom than it is above the neutral 
atom. The resolution in the force was better than 
1 pN, and the charged atom could already be 
detected at a tip height of 6 A, revealing a force 
that is about 2 pN greater than that above Au’. A 
very high stability of the experimental system was 
needed for measuring forces in the piconewton 
regime. Charge screening by the insulating film 
[that is, ionic relaxations in the topmost NaCl 
layer as inferred from DFT calculations (/4, /5)] 
and image charges at the Cu interface make the 
forces so small. Approaching the tip further in 
order to increase the forces resulted in unintended 
charge switching and lateral manipulation of the 
adatoms. 

It is known from DFT calculations that a Au 
adatom relaxes by about 0.4 A toward the sub- 
strate when it becomes negatively charged (/4). 
Just from this topographic difference, we would 
expect an effect in the direction opposite (a de- 
crease of |Af|) to that of the observed shift. We 
assigned the observed shift above the negatively 
charged Au ‘to electrostatic interactions that over- 
compensate the topographic effect. 

We investigated the switching event itself and 
its effect on the frequency shift and on the LCPD 
by measuring Af with respect to the sample bias 
V. We specify the LCPD from measurements of 
Vepp = (1/e) x LCPD (where e is the electron 
charge) by determining the peak position of the 
parabola obtained in a Af(V) measurement at a 
given tip position. The corresponding maximum 
in Af(V ) is Af *, that is, Afat compensated Vepp. 
Without changing the tip height and position, we 
first (1) measured Af(V) above Au , then (il) 
applied a bias voltage pulse of about —1 V so as to 
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switch the charge state (/4), and finally (iil) 
measured Af(V) once more, as shown in Fig. 3A 
(26). To confirm that the switching event occurred 
and to verify that the switched atom did not 
change its lateral position, STM images were 
taken before and after this routine (Fig. 3, B and 
C). Performing the measurement under these 
conditions, and without moving the tip, ensured 
that the observed effects did not arise from tip 
changes, different tip heights, or spatial variations 
of the LCPD of the substrate. For typical 
experimental parameters, such as A = 0.6 A and 
Az = 5.8 A, which result in a total frequency shift 
of about Af=—3 Hz, we observed that the Vepp of 
Au shifted by (+27 + 8) mV with respect to Au’. 
The corresponding Af* shifted by (—0.11 + 0.03) 
Hz on Au as compared with Au°. 

Quantitatively, these values crucially depend 
on the exact tip shape (9, 29), but we always 
observe a larger attractive force (a larger |Af*|) 
and a larger LCPD for Au than for Au’. We 
attribute the shift in |Af*| primarily to the 
interaction of the charged atom and its image 
charge induced in the AFM tip that was neg- 
ligible in previous experiments (19, 23, 26). 
However, this is the main contribution to the 
observed contrast in Fig. 1D and Fig. 2. The 
shift in the LCPD can be explained by a dipole 
moment directed from the vacuum to the sur- 
face and induced by the negative Au (and its 
screening charge in the underlying substrate). 
Hence, the work function at the adatom position 
increases locally (8); the sample has to be biased 
more positively to compensate for the negative 
charge on the adatom. 

To prove that positive, neutral, and nega- 
tive charge states can be distinguished and 
determined with AFM, we included measure- 
ments of silver adatoms. For Ag, both the 
neutral Ag® and the positively charged Ag* 
adatoms are stable on NaCl(2 ML)/Cu(111) 
(/5). Figure 4A shows a STM measurement of 
Au and Ag adatoms in their different possible 
charge states. Several Af(V) measurements were 
performed above these atoms at different tip- 
sample separations Az, without a tip change 
between measurements and without switching 
the charge states. For each Af(V) measure- 
ment, we determined the peak position of the 
parabola, meaning the LCPD and the correspond- 
ing Af*. Figure 4B shows the LCPD plotted 
versus the tip height Az. First, we compared 
the LCPD of NaCl(2 ML)/Cu(111) with that of 
the bare Cu(111) surface. The NaCl layer lowers 
the work function of the Cu surface, so we ex- 
pected a decrease of the LCPD of NaCl(2 ML)/ 
Cu(111) with respect to that of Cu(111). This is 
exactly what we observed, but in addition this 
effect increases with decreasing Az. The latter 
observation is explained by an averaging effect, 
in which the sample area that contributes to the 
LCPD becomes larger with increasing Az. The 
closer we approach the tip toward the NaCl island, 
the smaller the effect of the surrounding Cu(111) 
surface becomes, which explains the shift to 


smaller LCPD as the tip approaches the NaCl 
island (26). 

For tip heights larger than 18 A, the LCPD 
above the adatoms on the NaCl island are of 
similar value (within 100 mV). At smaller Az, the 
effects arising from the adatom predominate, and 
the differently charged atoms can be distinguished 
by their LCPD for Az < 10 A. We observed that 
the LCPD of Ag’ is smaller and that the LCPD of 
Au_ is larger than that of the corresponding neu- 
tral adatoms. The absolute values of these dif- 
ferences depend on the tip shape, but the direction 
of the LCPD shift is always determined by the 
direction of the dipole induced by the charged 
adatom. 

In Fig. 4C, we plot the LCPD as a function of 
Af* for the same data as shown in Fig. 4B. This 
representation corresponds to a KPFM measure- 
ment and shows the LCPD at a given frequency 
shift with the contact potential compensated. Mea- 
suring these values at constant height without a 
feedback loop for either Az or V (which is in 
contrast to usual KPFM measurements) increases 
the stability and sensitivity and allows the use of 
small oscillation amplitudes. In Fig. 4C, the con- 
trast between the different species increases with 
more negative values of Af *. With decreasing Az 
(and hence increasing |Af*|), the effect of the 
single atom becomes more pronounced as com- 
pared with the background forces from the sub- 
strate, and we observe that the LCPD shifts into 


Af (Hz) 


-400 = -200 0 200 


Sample Bias (mV) 


400 


Cc 


% 


Fig. 3. (A) Frequency shift measured as a function 
of the voltage above Au” and Au®. Both measure- 
ments are performed without moving the tip (A = 
0.6 A and Az = 5.8 A; raw data). After measuring 
Af(V) above Au’, the charge state is switched to 
Au by applying a bias pulse of V = —1 V for a few 
seconds (26). Parabolic fits and corresponding pa- 
rabola peaks are indicated. STM images (/ = 7.4 pA, 

= —50 mV, and size = 29 A by 27 A) before (B) 
and after (C) the Af(V) measurements confirm the 
charge-switching event and show that the switched 
Au atom has maintained its lateral position. 


different directions for the differently charged 
atoms. These measurements demonstrate that the 
charge state of neutral, positively, and negatively 
charged adatoms can be determined by measur- 
ing their LCPD at a certain tip height Az or 
frequency shift Af 

It should be possible to measure the trans- 
port of single-electron charges on insulating 
surfaces. For example, single atoms or small 
clusters acting as redox sites could be connected 
with molecules to form metal-molecular net- 
works. By using the tip for charging the redox 
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Fig. 4. (A) Constant-current STM image (/ = 3 pA, 
V = 200 mV, and size = 130 A by 60 A) of Ag’, 
Ag®, Au°, and Au~ on NaCl(2 ML)/Cu(111). The 
inset shows the Ag* adatom with fivefold increased 
Z-contrast. (B) LCPD above atoms with different 
charge states and on NaCl(2 ML)/Cu(111) at the 
positions indicated in (A) and on Cu(111). At each 
site, Af(V) is measured for different tip heights Az 
with respect to the NaCl surface [on Cu(111) with 
respect to point of contact with the metal]. Each 
Af(V) measurement is fitted with a parabola, yield- 
ing the LCPD and the corresponding frequency shift 
Af*. LCPD is shown as a function of Az. (C) LCPD 
shown as a function of Af*; that is, corresponding to 
a KPFM measurement. The complete set of mea- 
surements has been performed without a tip change 
between measurements (29). Lines serve as a guide 
to the eye. The errors in Az, LCPD, and Af * esti- 
mated from repeated measurements are +0.2 A, 
+15 meV, and +30 mHz, respectively. 
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sites, electrons can be injected into this network, 
and their propagation in the network could be 
observed with NC-AFM as described above. 
While STM is not ideally suited for this purpose 
because it relies on the tunneling of electrons (the 
unintended charging caused by the measurement 
and discharging of the structures via the substrate 
constitute a problem in STM experiments), we 
have shown that electrostatic AFM can enable the 
investigation of the charge landscape and of 
charge transport in metal-molecular nanostruc- 
tures with atomic resolution. 
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Oxygen-18 of 0, Records the Impact 
of Abrupt Climate Change on 
the Terrestrial Biosphere 


Jeffrey P. Severinghaus,’* Ross Beaudette,* Melissa A. Headly,*+ 


Kendrick Taylor,” Edward J. Brook? 


Photosynthesis and respiration occur widely on Earth’s surface, and the 2°0/*°0 ratio of the 
oxygen produced and consumed varies with climatic conditions. As a consequence, the history of 
climate is reflected in the deviation of the 180/70 of air (8*°0.,,,) from seawater 57°O (known as 
the Dole effect). We report variations in 5*8O.tm over the past 60,000 years related to Heinrich 
and Dansgaard-Oeschger events, two modes of abrupt climate change observed during the last ice 
age. Correlations with cave records support the hypothesis that the Dole effect is primarily 
governed by the strength of the Asian and North African monsoons and confirm that widespread 
changes in low-latitude terrestrial rainfall accompanied abrupt climate change. The rapid 5°80 54m 
changes can also be used to synchronize ice records by providing global time markers. 


in particular the Heinrich and Dansgaard- 
Oeschger (D/O) events of the last ice age, 
remains poorly understood (/). One barrier is 
the dearth of information about the spatial extent 
of the events, due in part to the paucity of low- 
latitude paleoclimate records with sufficient dating 


T: mechanism of abrupt climate change, 
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precision to establish whether events are synchro- 
nous, time-transgressive, or unrelated (2). Cave 
stalagmite 8'8O records with radiometric U/Th 
dating are a notable exception (3—6), but these 
are still spot records with generally unknown 
spatial importance. Atmospheric gas records from 
ice cores can help address the spatial issue be- 
cause the atmosphere acts as an integrator of 
innumerable gas fluxes over broad spatial scales. 
Methane has been used in this capacity (7), but 
methane production is dominated by rather spe- 
cial settings (e.g., high-productivity anoxic wetland 
soils). Oxygen (O3), in contrast, is produced widely 
in the low latitudes by photosynthesis, making it 
a more ideal tracer of the spatial extent and 
global importance of climate change. In partic- 


ular, the isotopic composition of oxygen produced 
on land varies strongly with environmental con- 
ditions, making it a unique tracer of the impact of 
climate on the terrestrial biosphere (8—1/). 

The '80/'°O ratio of atmospheric molecular oxy- 
gen (8!8O.un) is known to vary on orbital time scales 
in response to the growth of ice sheets and changes 
in biogeochemical fractionation ($—-1/), with a typ- 
ical glacial-interglacial range of ~1.5 per mil (%bo). 
The substrate for all photosynthetic oxygen pro- 
duction is water, and the isotopic composition of 
the water (H,'%0/H,'°O) in which photosynthesis 
occurs is transferred to O (/2). Thus, variations in 
water 5'*O at the site of photosynthesis (i.e., the 
chloroplast) are a primary cause of variation in 
580m (13). Ice sheet growth and decay, with 
attendant change in seawater &'8O (and thus all 
meteoric water), causes roughly half of the var- 
iation. The balance is due to changes in hydro- 
logical cycle fractionation during condensation 
and evaporation that affect chloroplast water 
880, and fractionation by the respiratory sink of 
O, (/0, 11). These fractionation processes collect- 
ively create a steady-state offset between seawater 
5'80 and the 5!8O of O,, known as the Dole ef- 
fect, which today amounts to +23.88%0 (/4). 

Past variations in the Dole effect are known to 
occur on orbital time scales, chiefly the 23,000-year 
(23 ky) precession period (/0, //). These var- 
iations are likely due to the Asian and African 
monsoon variations that occur on this time scale 
because of the impact of precession on summer 
insolation (J5, 16), although other factors may 
also contribute, and the subject is currently not 
well understood. Faster variations have generally 
not been expected because of the ~1000-year 
turnover time of atmospheric O5. 
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This view was challenged by recent high- 
precision and high-resolution measurements in the 
North Greenland Ice Core Project (NGRIP) ice core 
between 60,000 and 75,000 years ago (60 to 75 ka), 
which showed rapid millennial-scale variations in 
380i (17). Here, we extend this finding to the 
complete 0- to 100-ka interval with a new 880. 
record from the Siple Dome ice core, Antarctica, and 
a short record (24 to 14 ka) from the Greenland Ice 
Sheet Project 2 (GISP2) ice core, Greenland. We 
analyzed samples in duplicate for 5'°N, 8'%O of Oo, 
50,/N>, and 5Ar/N> following established proce- 
dures (/8—20). We use the customary notation 
ae) = [80"°O/ 6O>)sampte ('80"°O/ oe 
1]%o, and the reference for all four measured 
gases is the modern atmosphere in La Jolla in 
2006. 

In addition to the previously known orbital 
variation, the new 5!%O,,. record shows varia- 
tions on the millennial scale (Fig. 1). Their ap- 
pearance in multiple ice core records confirms 
that they are real atmospheric features and not 
artifacts (19). 

Prominent cold periods in the Northern Hemi- 
sphere known as Heinrich stadials (27, 22) appear 
as positive anomalies of ~0.15%o in 580 sims OF 
positive changes in the derivative (Fig. 1; note that 
the 5'°O.in scale is inverted, following conven- 
tion). Generally, the signature of the cold stadial 
phases of the D/O events (termed D/O stadials) is 
more muted but still recognizable, especially for 
the longer events (Fig. 2). 

To further explore the isotopic fluxes from land 
to atmosphere and associated climatic changes, 
we take the derivative of the data and account for 
the effects of oceanic processes. Because the 
~1000-year turnover time of O, in the atmosphere 
acts as an integrator, imparting a smoothing to 
the record of isotopic fluxes to the atmosphere, 
we remove the smoothing effect with a one-box 
model deconvolution (/9). 


Ba m 1 
=e Satm Sseawater h (1) 


Aé_tanpD = |T 
dt | 


Here, Ae; anp 1S an empirical parameter that 
represents the lumped changes over time in the 
terrestrial hydrological and respiratory fractiona- 
tions that create the changes in the Dole effect, t 
is the turnover time of 1000 years, the derivative 
is calculated from a least-squares Fourier-series 
fit to the 5'8Ontm time series data, S.eawater 18 aN 
estimate of seawater 8!*O through time (23), and 
ji is the fraction of total oxygenesis occurring 
on land (taken to be 0.65) (19). Although it is 
unlikely that f,, is constant in time, we neglect 
changes in fj, based on recent findings that the 
intrinsic fractionation of terrestrial and oceanic 
processes contributing to the Dole effect are more 
similar than previously believed (24-27), so var- 
iations in their relative oxygen production will 
have little influence on the Dole effect. 

We urge caution in interpreting the fraction- 
ation parameter Ae; anp, because the seawater 
5'8O curve is highly smoothed in comparison to 


our high-frequency 8'*Ojm curve. This could 
have the effect of creating spurious changes in 
A€.anp during stadials (if the smoothing has 
removed a positive anomaly in seawater '%O) or 


an underestimate of the amplitude of the millennial- 
scale positive anomalies in Ae; aNp (if the smooth- 
ing has removed a negative anomaly in seawater 
5'%O). We argue that the latter possibility is the 
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Fig. 1. Measured *°0/°°0 of atmospheric molecular oxygen (5"20.m) over the past 100 ky from the Siple 
Dome ice core, Antarctica (note inverted right axis). Data have been corrected for gravitational settling in 
the firn layer on top of the ice sheet using measured 5*°N and for gas-loss—induced fractionation using 
measured 502/Nz and SAr/N2 (19). The line drawn through points from 0 to 75 ka is a least-squares fit, 
and the line from 75 to 100 ka connects mean values. Approximate timings of the marine isotope stages 
(MISs) are shown at the top. Greenland 87°0;-¢ (40) is shown for reference, and Heinrich stadials (H1 to H6 
in red numbers) and the older D/O events (small black numbers) are labeled. Time scale is synchronized to 


GISP2 (41). 
time, kyr BP -------- > 

40 35 30 25 20 

0.2 — 1 a a : 
H4 D/O8 7 6 5 a} 4 3 H2 2 

0.3 bes ‘ns. He 

° 28. 
0.4 Ye < Fee, 4 

RO" “y “Ft, mes cH, 

0.5 s i 7 * © air 0-18 


0.6 


0.7 


8° Oatm , %o W.r.t. La Jolla Air 


0.9 


840 820 800 780 


760 740 720 


depth, m 


Fig. 2. Expanded view of 57%0.,,, from the Siple Dome ice core during D/O events of MIS 3, plotted 
versus depth to show the raw temporal relationship to methane (measured in the same ice core), 
without further complications from gas age assignment. Individual &*°0,,,, replicates shown, with 
means connected by solid line. Inferred positions of Heinrich stadials (H4 to H2) and D/O events 
(D/O8 to D/O2) are shown with vertical shaded bars. Approximate ages are given at top. Methane 
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more likely one, because Heinrich stadial 1 is 
clearly accompanied by rising sea level, and there- 
fore decreasing seawater 5'°O (28, 29). By 
analogy to Heinrich stadial 1, we argue that all 
Heinrich stadials are accompanied by negative 
seawater 5'°O anomalies, making our deduced 
positive Dole effect anomalies at these times 
minimum estimates. 

If respiratory fractionation were constant 
(not necessarily realistic), A€_anp would be 
equal to the isotopic fractionation of terrestrial 
chloroplast water relative to seawater (strictly, 
production-weighted-mean terrestrial chloroplast 
water 5'°O minus seawater 8!80). In this case, 
A€LANp Would give globally integrated informa- 
tion about the hydrological cycle, in particular 
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Fig. 3. Records over the 
past 40 ky of “80/750 of 
atmospheric molecular 
oxygen (87°O.tm), in- 
ferred change in terres- 
trial 0/0 fractionation 
(A€tanp), and Chinese cave 
stalagmite ““0/°O (3-5). 
Dongge Cave records are 
smoothed with a 200-year 
moving average for clarity 
(30). D/O events 2 to 8 
and Heinrich stadials H1 
to H4 are numbered, and 
Younger Dryas (YD) and 
8.2-ka event (8k) are 
labeled. 
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the 5'8O of precipitation over photosynthetical- 
ly active land areas such as the monsoon 
regions, and the relative humidity in these 
areas [which controls the amount of evaporative 
enrichment of the leaf water 8'8O (/0, 13)]. 
Strong summer monsoons affect both mecha- 
nisms in the same sense, with less isotopic 
enrichment (/0, //, 15, 16). 

The good correlation between Ae; anp and 
independent indicators of monsoon strength from 
Chinese cave records (Fig. 3) lends support to the 
view that the Dole effect is tightly linked to the 
strength of the Asian monsoon (/0, 15, 16). De- 
tailed correlations during the last deglaciation and 
the Holocene lend further support to this view (r= 
0.95) (30) and even suggest coherence at centen- 


Fig. 4. Expanded view 
of Holocene portion of 
Fig. 3. Similarities be- 
tween inferred global 
terrestrial “80/50 frac- 
tionation (Aeyanp) and 
the Chinese cave “80/*°0 
are noted with arrows at 
8.2 ka, 9.2 ka, and 10.9 ka 
(8.2k, 9.2k, and 10.9k, 
respectively). Dongge cave 
records (4, 5) are shown 
raw and with a 200-year 
running average and have 
been corrected for sea- 
water *°0/*°0 change 
(23) to emphasize the 
fractionation relative to 
seawater. The upturn in 
monsoon strength around 
2 ky before the present 
(BP) implied by Aeyanp 
could have been driven 
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by the upturn in May and June mean insolation (42), suggesting that there is no need to invoke an 
anthropogenic cause (43) of the upturn in atmospheric methane concentration at that time. 
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nial time scales (Fig. 4). The fact that the abrupt 
climate event at 8.2 ka has a visible impact on the 
Dole effect (Fig. 4) is noteworthy because of its 
short duration and lack of seawater 8!%O change. 
The rapidity of the changes in 8'’O,tm are 
surprising and raise the question of whether the 
turnover time of oxygen in the atmosphere has 
been overestimated, pointing to the need for further 
work. 

Changes in respiration over time may also 
have contributed to the variations in the Dole ef- 
fect, although understanding is limited at present. 
Respiration increases closely in parallel with 
increases in photosynthesis, and strong mon- 
soons might be expected to increase the glob- 
al proportion of weakly fractionating tropical 
respiration (~10%o) relative to boreal respira- 
tion (~22%o), which could be a powerful ef- 
fect (26). Again, the fractionation change would 
be in the same sense (more tropical respiration 
causes a decrease in 8!8O,4n and AE, aNnp) as that 
caused by precipitation. Thus, part of the cor- 
relation between Ae; anp and monsoon strength 
could be due to respiration; we therefore caution 
against using Ae; anp as a proxy for chloroplast 
water 5'80. 

The implication of these data is that a very 
large, albeit poorly quantified, fraction of the 
photosynthetic capacity of the planet’s terres- 
trial surface was affected by Heinrich and D/O 
stadials. As noted above, a similar conclusion 
has been drawn from the ice core methane 
record (3/). However, methane production 
takes place in anoxic soils, prevalent only in 
wetland regions, whereas oxygen is produced 
widely over the land surface. Thus, our data 
strengthen conclusions about the involvement 
of the low-latitude hydrological cycle in abrupt 
climate change that were already drawn from 
ice core methane data (7, 37) and local records 
(32). 

These findings are consistent with recent 
speleothem records (6) and modeling results 
(33, 34) that suggest that the intertropical con- 
vergence zone (ITCZ) can abruptly shift to a state 
in which it stays predominantly in the southem 
hemisphere during Heinrich and D/O stadials. 
Because of the paucity of land in the southern 
hemisphere, and the fact that rainfall on the ocean 
has little effect on marine chloroplast water &!%O 
due to dilution by seawater, a southern-shifted 
ITCZ is expected to produce high Ae; anp and a 
strong Dole effect. Also, the ITCZ stimulates 
vigorous plant growth on the land that does exist 
in the southern hemisphere. A southern-shifted 
locus of intense oxygenesis should strengthen the 
Dole effect, because the 5'80 of terrestrial oxy- 
genic precipitation in the Southern Hemisphere 
is generally higher than in the Northern Hemi- 
sphere because of lesser continentality, lower 
altitude, and less intense isotopic distillation, as 
suggested by the fact that Southern Hemisphere 
Brazilian cave records are ~4%o higher in 8'8O 
during corresponding phases than their Chinese 
counterparts (6). 
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We cannot rule out a small role of boreal 
ecosystems in shaping Ae; anp, because pho- 
tosynthesis in these latitudes would be ex- 
pected to produce isotopically light O, from 
snowmelt during warm phases of the D/O 
events. We also cannot rule out the hypothesis 
(17) that lower relative humidity over most 
land areas and a southward-shifted vegetation 
distribution explains the strong Dole effect 
during D/O stadials. However, the temporal 
pattern of A€yaNnp (strong Heinrich and weak 
D/O stadials, abrupt mid-Holocene change) 
(Figs. 3 and 4) does not match that of known 
boreal climate patterns (e.g., weak Heinrich 
and strong D/O, a steady Holocene cooling) 
(Fig. 1). Also, the strong boreal respiratory 
fractionation (26) should nullify the effect of 
boreal photosynthesis to some extent (35). We 
thus suggest that our 5'8O,1m data imply large 
changes in low-latitude terrestrial hydrology 
associated with abrupt climate change, whether 
(i) directly through the low 8'°O of heavy 
precipitation, (ii) indirectly through the weak 
evaporative enrichment of chloroplast water 
under conditions of high humidity, or (iii) 
indirectly through the weak respiratory frac- 
tionation that characterizes wet tropical biomes. 
These findings highlight in a general way the 
sensitivity of low-latitude rainfall patterns to 
abrupt climate change in the high-latitude north, 
with possible relevance for future rainfall and 
agriculture in the heavily populated monsoon 
regions. 

Finally, the millennial scale oscillations in 
5'8O.im Open up possibilities for improving the 
dating of ice cores and glacial outcrops. Because 
the atmosphere is well-mixed on 1-year time 
scales, 8'°Oxum is a global time-stratigraphic 
marker that has been used for synchronizing 
different ice core chronologies (36). Previous 
use of 880 uum has been limited to the orbital 
scale, however, and millennial-scale dating has 
been done with methane concentration (37). 
During times when methane concentration varied 
little, such as during the last glacial maximum, 
the small variations in 5!°O,m that we identify 
provide new tie points (e.g., fig. S5). Also, low- 
latitude ice cores generally do not preserve 
reliable atmospheric methane records because 
methane is a trace gas that is vulnerable to in situ 
production (38). As an abundant gas, oxygen is 
more resistant to in situ alteration, making 
880 un useful for millennial-scale dating of 
low-latitude ice cores. 
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Boom-and-Bust Development 
Patterns Across the Amazon 
Deforestation Frontier 
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The Brazilian Amazon is globally important for biodiversity, climate, and geochemical cycles, but 
is also among the least developed regions in Brazil. Economic development is often pursued 
through forest conversion for cattle ranching and agriculture, mediated by logging. However, 

on the basis of an assessment of 286 municipalities in different stages of deforestation, we found 
a boom-and-bust pattern in levels of human development across the deforestation frontier. 
Relative standards of living, literacy, and life expectancy increase as deforestation begins but then 
decline as the frontier evolves, so that pre- and postfrontier levels of human development are 
similarly low. New financial incentives and policies are creating opportunities for a more sustained 
development trajectory that is not based on the depletion of nature and ecosystem services. 


remaining tropical rainforest (/), playing a 

vital role in global biodiversity conserva- 
tion (2), climate regulation (3), and biogeo- 
chemical cycles (4). An average of 1.8 million 
hectares of forest has been lost annually during 
the 1988-2008 period as agricultural land uses 
expand (5), corresponding to nearly one-third of 
global tropical deforestation (6) and releasing 
about 250 million tons of carbon (3, 7). Yet this is 
also one of the least developed regions in Brazil 
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(8), and conversion of forest for agriculture and 
cattle ranching (typically preceded by logging 
and burning) is often seen as the most practical 
route to achieving legitimate aspirations to eco- 
nomic development (9). Here, we investigated 
how human development varies across the re- 
gion’s deforestation frontier to determine whether 
deforestation is associated with a sustained 
improvement in people’s well-being. 

The Brazilian Amazon is well suited to ex- 
ploring trade-offs between development and 
conservation because habitat conversion is pro- 
ceeding quickly—compressing into decades a 
process that took centuries or millennia in many 
other parts of the world—and because socio- 
economic conditions are systematically doc- 
umented (8, /0). Furthermore, although the 
Brazilian Amazon is by no means a homoge- 
neous region, it has relatively limited variation 
in the potentially confounding factors (such as 
geography, history, and governance) that have 
been shown to explain variation in wealth at the 
global scale (//). 


One measure used to assess levels of devel- 
opment is the human development index (HDI), 
calculated following a standard procedure de- 
veloped by the United Nations Development 
Programme (/2). The overall HDI is calculated 
as the mean of three subindices: life expectancy 
(based on life expectancy at birth), literacy (based 
on literacy rate and school enrollment), and stan- 
dard of living (based on per capita income); it 
thus offers a measure of human development that 
is more comprehensive than measures based 
solely on per capita income (/2). We obtained 
HDI values from the 2000 Brazilian Atlas of 
Human Development for 286 municipalities in 
the Brazilian Amazon (8). Municipalities were 
grouped into seven classes (A to G) describing 
their position relative to the deforestation frontier 
in 2000, defined according to both deforestation 
activity and deforestation extent (5) (Fig. 1 and 
fig. S1). The classes range from prefrontier mu- 
nicipalities, with essentially intact forest cover and 
virtually no ongoing deforestation (A), through 
progressively deforested classes, with increasing 
(B to D) and then declining (D to F) deforestation 
activity, through to heavily deforested postfron- 
tier municipalities that were again almost inactive 
in terms of deforestation (G) (Fig. 1). The current 
wave of deforestation began with government 
colonization schemes on the eastern and southern 
borders of the region in the early 1970s, ex- 
tending westward and along the southern fringes 
through the 1980s, forming an “arc of defor- 
estation”’ that is still expanding into the heart of 
the Amazon (5). 

When the median HDI of each class is plotted 
against deforestation extent, a boom-and-bust 
pattern becomes apparent (9, 14), which suggests 
that relative development levels increase rapidly 
in the early stages of deforestation and then de- 
cline as the frontier advances (Fig. 2A). Hence, 
although municipalities with active deforestation 
had development levels that approached the over- 
all Brazilian median, pre- and postfrontier HDI 


Pre-frontier 


inactive 
<0.5% 


Def. activity 


Def. extent 


—_—_——-"__ 2  >_— ~Post-frontier 


inactive 
<0.5% 


forest 
lost pre-1997 
lost 1997 -2000 


Fig. 1. Definition of frontier classes A to G according to recent deforestation activity (percentage of municipality area deforested between 1997 and 
2000) and deforestation extent (percentage of the original forest that had been lost by 2000). A representative municipality is mapped as an example 


of each class (spatial scale variable) (5, 13). 
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Fig. 2. Variation along a deforestation gradi- 
ent (5) corresponding to frontier classes A to G, 
as defined in Fig. 1, in (A) the human 
development index (HDI, obtained by averaging 
the subindices on standard of living, literacy, 
and life expectancy); (B) the standard-of-living 
subindex (based on per capita income); (C) the 
literacy subindex (based on literacy rate and 
school enrollment); and (D) the life expectancy 
subindex (based on life expectancy at birth) (8). 
As labeled in (A), circles from left to right 
correspond to classes A to G in all panels. Circles 
indicate median values; bars indicate first and 
third quartiles; horizontal dashed line indicates 
the median across all Brazilian municipalities. 
All variables present significant variation across 
the frontier classes (Kruskal-Wallis: P < 0.0001); 
classes that do not have a letter (u, v, w, x, y, Z) 
in common differ significantly (Tukey's honestly 
significant difference test: P > 0.05). Classes A 
and G are statistically indistinguishable in terms 
of HDI (P = 0.93), standard of living (P = 1.00), 
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life expectancy (P = 0.83), and literacy (P = 0.12). All data are from the year 2000. 


values were substantially lower and statistically 
indistinguishable from each other (P > 0.9) (Fig. 
1A). These results are robust to the particular 
thresholds used to define the frontier classes (/3) 
(figs. S2 and S3). A boom-and-bust pattern is 
also found for each of the HDI subindices: stan- 
dard of living, literacy, and life expectancy (Fig. 2, 
B to D). 

Our analysis investigated relative develop- 
ment patterns across space, rather than the 
trajectory of absolute development through time. 
The latter was not possible given a lack of long- 
term time-series data, but the former has the ad- 
vantage of standardizing for temporal changes 
that affect the entire region (e.g., economic cycles 
in the Brazilian economy). Hence, the boom-and- 
bust pattern we report does not necessarily imply 
that the absolute HDI of individual municipalities 
has first increased and then declined as de- 
forestation has progressed; given Brazil’s overall 
improvement in HDI over time (e.g., median 
municipality HDI increased from 0.627 in 1990 
to 0.713 in 2000) (8), it is likely that development 
levels have generally increased throughout the 
Amazon. What our results suggest is that life ex- 
pectancy, literacy, and standard of living improve 
more quickly than the national average in munic- 
ipalities at the early stages of the deforestation 
frontier, and at below-average rates as defor- 
estation progresses, resulting in relative HDI 
values that are higher at the frontier, but lower 
and similar in pre- and postfrontier municipalities 
(fig. S4). 

The immediate causes of most deforest- 
ation in the Brazilian Amazon are the expan- 
sion of mechanized agriculture and land use 
changes by newly arrived migrants (/5, 16) 
(fig. S5). A wide diversity of people migrate to 
the frontier (including capitalized ranchers and 
farmers, colonists, landless peasants, gold min- 
ers, loggers, and landgrabbers) (77), but ultimate- 
ly they are all attracted by the prospect of life 


improvement. The increase in HDI suggests that 
such improvement does take place at the early 
stages of the frontier (Fig. 2), although an alterna- 
tive explanation might be that increased HDI is 
“imported” by immigrants coming from regions 
in Brazil that have better levels of education, 
health, and access to capital (14). However, im- 
migration alone is unlikely to explain the “boom” 
in HDI at the early stages of deforestation, 
because people moving into the frontier are 
generally poorer and less educated than average 
in their areas of origin (/5), and also because the 
frontier would probably not attract large-scale 
investment or migrants if it did not provide real 
prospects of high economic return and life im- 
provement. More likely, HDI increases as peo- 
ple capitalize on the newly available natural 
resources—including land, timber, and minerals 
(15, 17)}—and on the improved accessibility to 
markets promoted by the new roads (/8) that are 
associated with frontier expansion (79). Accord- 
ingly, relative levels of income improve very 
quickly at the early stages of deforestation (Fig. 
2B). So do levels of literacy (Fig. 2C) and life 
expectancy (Fig. 2D), possibly because improved 
income and road connections result in better 
living conditions and improved access to educa- 
tion and medical care, and because governmental 
investment strengthens educational and medical 
infrastructure. 

At the frontier, development levels come close 
to (and income even exceeds) the median values 
across all Brazilian municipalities. However, our 
results suggest that those improvements are transi- 
tory, with municipal standard of living, literacy, and 
life expectancy declining in the postfrontier to levels 
similar to those in the prefrontier municipalities 
(Fig. 2). This “bust” is likely to reflect the ex- 
haustion of the natural resources that supported 
the initial “boom,” compounded by the increasing 
human population. Accordingly, per capita timber 
(Fig. 3A), cattle (Fig. 3B), and crop production (Fig. 


3C) also exhibit boom-and-bust patterns across the 
deforestation frontier. Timber (Fig. 3D) and cattle 
(Fig. 3E) also decline on a per-area basis, indicating 
a reduction in overall productivity irrespective of 
increasing human population. The first is expected, 
as the very resource on which timber production 
relies is depleted as deforestation progresses. The 
second likely reflects large-scale pastureland degra- 
dation as soils lose productivity (20), or conversion 
to alternative land uses as land market conditions 
change. By the early 1990s, more than 75% of the 
land that had been deforested until then in the 
Amazon had been used for the development of 
pastures, one-third of which had already been 
abandoned (2/). Although the increasing popula- 
tion density in the postfrontier is key to understand- 
ing the decline in HDI, such density is not 
particularly high within the Brazilian context; most 
Brazilian municipalities have much higher HDI 
despite similar levels of population density (fig. S5). 

Our results show that, in net terms, people in 
municipalities that have cleared their forests are not 
better off than those in municipalities that have not 
(Fig. 2). The current development pattern in the 
Brazilian Amazon is therefore far from desirable in 
terms of either human development or the conser- 
vation of natural resources. The huge challenge 
facing this region is how to ensure that future 
development paths translate into sustained improve- 
ments in human well-being, while avoiding the 
depletion of nature and the services it provides (3). 
A single solution is unlikely to exist. Instead, a 
combined approach might include supporting the 
better use of areas that have already been deforested 
(e.g., via the intensification of ranching and agri- 
culture) alongside restricting further deforestation 
[e.g., through protected areas (22) and appropri- 
ate land use zoning (23)] and promoting reforesta- 
tion in degraded landscapes (24); direct incentives 
to encourage forest-based livelihoods based on the 
sustainable harvest of timber and nontimber forest 
products, within and beyond forest concessions 
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Fig. 3. Variation in the production of timber 
(A and D), cattle (B and E), and crops (C and 
F) across frontier classes A to G, either 
standardized by population [(A) to (©)] or by 
municipality area [(D) to (F)] (20). Timber and 
crop production is shown in units of Brazilian 
currency, the real (R$). As labeled in (A), 
circles from left to right correspond to classes 
A to G in all panels. Circles indicate median 
values; bars indicate first and third quartiles; 
horizontal dashed line indicates the median 
across all Brazilian municipalities. All varia- 
bles present significant variation across the 
frontier classes (Kruskal-Wallis: P < 0.0001); 
classes that do not have a letter (u, v, w, x, y, Z) 
in common differ significantly (Tukey's hon- 
estly significant difference test: P > 0.05). All 
data are from the year 2000. 


) > 
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(25); and targeted policies to improve literacy, 
health, and land tenure security (26). 

Payments for ecosystem services, including 
carbon sequestration, are likely to play a key role 
in the financial sustainability of these approaches, 
by converting at least some of the wider value of 
Amazonian forests into local economic incentives 
for their long-term conservation (27). Such schemes 
are starting to be implemented in Brazil at the 
national (Bolsa Amazonia) and state levels (Bolsa 
Floresta; State of Amazonas) (28). Internationally, a 
global financial mechanism to reduce emissions 
from deforestation and forest degradation in 
developing countries is currently being negotiated 
under the United Nations Framework Convention 
on Climate Change (7, 29, 30). Brazil, with its huge 
carbon stocks (3/), high technical capacity for 
monitoring forest changes (32), and improving 
govemance (33), is arguably the best-positioned 
country for implementing and benefiting from this 
major new initiative. However, the long-term 
success of these incentives will also depend on 
other regional development policies, such as 
government incentives for agricultural expansion. 
For example, Amazonian “critical municipalities” 
with high deforestation rates now have reduced 
access to subsidized rural credit until targets for land 
tenure regularization and deforestation control are 
reached (23). Hence, although our results indicate 
that past development in the Brazilian Amazon has 
followed a boom-and-bust trajectory, future de- 
velopment may very well be associated with im- 
provement in environmental quality and forest 
recuperation, as predicted by the environmental 
Kuznets hypothesis (34) and forest transition theory 
(35). New financial mechanisms and policies are 
paving the way for more sustained development 
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trajectories and creating the conditions in which the 
largest tropical forest in the world can be recognized 
as more valuable standing than felled. 
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Leading-Edge Vortices Elevate Lift of 
Autorotating Plant Seeds 
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As they descend, the autorotating seeds of maples and some other trees generate unexpectedly 
high lift, but how they attain this elevated performance is unknown. To elucidate the mechanisms 
responsible, we measured the three-dimensional flow around dynamically scaled models of maple 
and hornbeam seeds. Our results indicate that these seeds attain high lift by generating a stable 
leading-edge vortex (LEV) as they descend. The compact LEV, which we verified on real specimens, 
allows maple seeds to remain in the air more effectively than do a variety of nonautorotating 
seeds. LEVs also explain the high lift generated by hovering insects, bats, and possibly birds, 
suggesting that the use of LEVs represents a convergent aerodynamic solution in the evolution of 


flight performance in both animals and plants. 


aples (Acer) are primary succession 
M«= adapted to nutrient-poor habitats 

in temperate climates (/). Like many 
other pioneer trees, maples rely on wind, updrafts, 
and turbulent gusts to disperse their seeds over 
distances ranging from several meters to kilome- 
ters (2, 3). Maple seeds typically disperse under 
windy conditions and start to autorotate within 
1 m of detaching from the tree (Fig. 1, A and C). 
They autorotate because the heavy nut, and hence 
the center of gravity, is located at the base of the 
wing-shaped seed (4-8). The stable autorotation 
of maple and other rotary seeds depends on an 
interplay between their three-dimensional (3D) 
inertial and aerodynamic properties, which is not 
fully understood (4, 9, 0). The presumed func- 
tion of autorotation is that it creates lift to prolong 
the descent of the seed. Detailed performance 
studies (4, 6, 8) revealed that autorotating seeds 
are able to generate unexpectedly high lift forces 
despite their small size and slow velocity. Like 
autorotating seeds, insect wings generate very 
high lift despite operating at angles of attack well 
above those that will stall conventional aircraft 
wings and helicopter blades (//) (Fig. 1D). In- 
stead of stalling, insect wings generate a prom- 
inent leading-edge vortex (LEV), which is 
known to be responsible for elevating both lift 
and drag (//, 12-16). Building upon these ob- 
servations, we hypothesized that autorotating 
seeds create a LEV that enables them to generate 
high lift at high angles of attack during their 
descent. 

To test if autorotating seeds generate a LEV, 
we built a dynamically scaled model actuated by 
a robotic arm in a tank of mineral oil (77, /8) 
(fig. S1). We based the shape of the model on 
the planform of one individual seed (n = 1) and 
the kinematics on the average free-flight motion 
of 20 individuals (x = 20) from three species of 
maple (m1: Acer diabolicum Blume; m2: Acer 
palmatum Thunb. var. matsumurae Makino, and 
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m3: Acer palmatum Thunb) and one species of 
hornbeam (A: Carpinus ischonoskii Maxim) 
(Fig. 1B). The seeds from all four of these 
species are known to generate high lift (6, 79). 
The flight parameters and the ratio of inertial to 
viscous stress in the surrounding flow of the 
model seeds in oil were scaled such that they are 
identical to real seeds descending in air. This 
stress ratio is measured by the Reynolds number 
and is on the order of 1000 for autorotating 
seeds (6). We used stereo digital particle image 
velocimetry (DPIV) to measure the 3D velocity 
field at 26 equally spaced spanwise slices 
starting at roughly 25% span (indicated in green 
in Fig. 1B) and extending well beyond the wing 
tip so that we captured the structure of the tip 
vortex as well. We combined all slices to re- 
construct the 3D velocity field around the model 
seeds (18, 20) (Fig. 2). 


Fig. 1. Kinematics and mor- A 
phology of all four autorotating 
seeds studied. (A) Free-flight B 

parameters of autorotating seeds ==~=~ 
[after (6)]: local wing radius, 1; 
local chord length, c; pitch angle, 
6; cone angle, 8; angular velocity, 
w. One of up to 26 planes in 
which we measured the velocity 
field along the span using DPIVis + C 
indicated in green. (B) Planform 
of the three maple seeds (m1, 
m2, m3) and hornbeam seed (h) 
studied; the green area indicates 
the region for which we per- 
formed DPIV around the wing. 
The plus sign indicates the center 
of gravity, which corresponds 
closely to the center of rotation 
(6, 8, 19). (C) Free-flight se- 
quence of an autorotating seed 


Our measurements show that all four model 
seeds generate a prominent LEV near the base, 
which is markedly similar to the LEVs produced 
by insect wings. The structure of the LEV de- 
pends not only on the wing shape and Reynolds 
number, but also on the wing’s angle of attack. 
Because the wing’s rotation induces a radial 
velocity distribution as the seed descends, the 
angle of attack is maximal at the wing root 
(~90°) and minimal at the wing tip (Fig. 1D). 
Based on prior free-flight measurements (6, 19), 
we calculated the angle of attack at the wing tip 
to be lowest for maple seed m/ (16°), highest 
for hornbeam / (28°), and intermediate for the 
two other maples seeds, m2 (25°) and m3 (26°) 
(/8). This qualitative trend can explain in part 
why the LEV of all three maple seeds (Fig. 2, A 
to C) is relatively compact and well attached to 
the seed’s surface, whereas the LEV generated 
by the hornbeam seed appears more separated 
(Fig. 2D). The LEV is most prominent near the 
base of the seed, shown at 25% span, where 
there is a strong concentration of vorticity (first 
row in Fig. 3, A to D). Toward the tip (at 75% 
span), the LEV merges with the tip vortex, re- 
sulting in a long trail of vorticity in the seed’s 
wake. The chordwise flow around the maple 
seeds reattaches behind the LEV near the trailing 
edge, whereas the flow around the hornbeam 
seed is more separated at the wing tip and fails to 
reattach. This difference in flow structure is also 
apparent in images of the 3D and 2D streamlines 
(Fig. 2 and last row in Fig. 3, A to D) and the 
vorticity plots (first row in Fig. 3, A to D). 

To verify that real autorotating seeds do in- 
deed generate a stable LEV during their descent, 


Bo. — 


aa 


Acer diabolicum Blume Acer palmatum Thunb. 


var. matsumurae Makino 


Acer palmatum Thunb. — Carpinus ischonoskii Maxim. 


vertical path 


showing both the vertical (red) and horizontal, circular translation (blue) of a wing section during a full period. 
(D) Because of the different horizontal path lengths traveled by subsequent spanwise wing sections (C), the 
wing's local geometric angle of attack is defined as the arctangent of descent speed, V4 divided by horizontal 
speed, V;. The effective aerodynamic angle of attack, a, is equal to geometric angle of attack minus the 
absolute value of the pitch angle (m1, —1.17°; m2, -1.39°; m3, —0.90°; h, —2.16°), measured at 75% span 
and approximately constant along span (6); o: is lowest at the tip and increases toward the base where it 
approaches 90°. [V is velocity and “(r)” indicates dependence of a variable on radius.] 
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as our model experiments suggest, we built a 
vertical wind tunnel to study freely flying maple 
seeds (Acer pseudo-platanus L.: m4). By match- 
ing tunnel speed with the descent rate of the 
seed, we were able to film 34 seeds spinning at 
a stationary height in lab frame coordinates (fig. 
S3) (18). The seeds flew at wing-tip angles of 
attack ranging from 12° to 32° (Reynolds num- 
bers ~ 1000); for 32 of these seeds we success- 
fully visualized the flow around the wing (Fig. 3E; 
see also movie S1 and fig. S4 for all 32 LEV 
visualizations) (18). These free-flight experiments 
confirm the findings from our dynamically scaled 
model that (i) autorotating seeds generate a 
prominent stable LEV near their base and (ii) the 
LEV is more compact at lower angles of attack. 

How well does the flow structure around the 
seeds compare to that of insect wings? The gross 
flow structure shows a prominent LEV (Fig. 2, A 
and B), as found for insects. For insect wings 
operating at Reynolds numbers on the order of 
100 to 1000, stable attachment of the LEV is 
thought to depend partly on strong spanwise flow 
on top of the wing that drains vorticity from the 
LEV toward the wing-tip vortex (14, 2/, 22). 
This process, which stretches and tightens the 
LEV, is a key feature, because it prevents the 
LEV from growing so large that it becomes un- 
stable and separates. For all four seeds, we found 
strong spanwise flow on top of the wing (second 
row in Fig. 3, A to D). The spanwise flow is 
concentrated in the LEV at 25% span, whereas it 
is smeared out toward the trailing edge at 50% 
span and convected into the wake and tip vortex 
at 75% span—a pattern quite similar to that de- 
scribed for revolving insect wings (22). 

To find out to which degree the LEV locally 
amplifies lift over the wing, we computed the 
seed’s spanwise lift distribution by integrating 
vorticity within each wing section (/8) (Fig. 4A). 
Sectional lift displays a clear maximum near 40 
to 60% span for maple seeds m/ and m2, whereas 
it forms a wider plateau for maple seed m3 and 
hornbeam seed h. The lift distribution for maple 
seeds m/ and m2 resembles that measured on a 
revolving model fly wing at Reynolds number 
1400, which also generates a stable LEV (22). 
The lift distribution is equal to the product of the 
local chord length, the sectional dynamic pres- 
sure, and sectional lift coefficient (78) (Fig. 4, B 
and C). The variation in spanwise lift is less than 
might be expected, because whereas sectional 
dynamic pressure rises toward the tip (where 
local velocities are highest), the sectional lift 
coefficient rises toward the base (Fig. 4, B and 
C). This spanwise distribution in lift coefficient is 
explained largely by the variation in angle of 
attack, which rises toward the base (Fig. 4D). The 
sectional lift coefficient reaches very high values 
ranging from 2 for hornbeam to almost 5 for 
maple seeds. The flow visualization in Figs. 2 
and 3 indicates that the LEV is attached at the 
25% span location where the sectional lift 
coefficient is greatest. The stable attachment of 
the LEV is noteworthy, given that the local angles 
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of attack are well beyond the stall point for 
conventional aircraft wings and helicopter blades. 

How effectively do these autorotating seeds 
descend, and how do they perform compared to 
other autorotating and gliding seeds? For suc- 
cessful dispersion, seeds need to have a long 
descent time so that the wind can carry them 
away from their tree of origin. Using a basic 
aerodynamic performance analysis, Eqs. S1 to S7 
(J8), we show that descent time is inversely 
proportional to the square root of wing loading 
(weight per unit surface area) and directly 
proportional to the square root of the descent 
factor, a dimensionless number that represents 
the seed’s aerodynamic efficacy for a given 
descent speed and wing loading. To determine 
how well autorotating seeds perform, we com- 
pared their descent time as a function of wing 
loading with that of gliding and straying seeds in 
Fig. 5A. The color-coded hyperbolic lines in Fig. 
5 indicate values of constant descent factor and 
thus constant aerodynamic efficacy. Gliding and 
straying seeds achieve long descent times, but 
they do so using low descent factors and thus 
must operate with very small wing loading, 
typically much less than 1 N m *. Because they 
operate with higher descent factors, autorotating 
seeds can achieve comparably long descent times 
at much greater wing loading. For example, the 
average descent time of autorotating seeds 
(yellow circle, Fig. SA) is 36% longer than the 
value predicted from the low descent factors used 
by gliding and straying seeds (blue star, Fig. 5A). 


Fig. 2. The large LEV 
measured for all four 
model seeds. (A to D) 
Flow visualization of ab- 
solute (in lab frame) 
streamlines (shown in 
blue), calculated from 
the 3D velocity field 
measured using DPIV. 
The models of the three 
maple seeds [(A) m1, (B) 
m2, (CQ) m3] and the 
hornbeam seed [(D) A] 
generate a LEV with 
substantial spanwise flow 
that is connected to the 
tip vortex. The angle of 
attack of the seed in- 
creases from (A) to (D). 
Note that the seed spins 
clockwise (in all figures). 


REPORTS [ 


A 25%span 50%span 75% span 


ll ‘ i 


Fig. 3. The vorticity concentration that builds up 
the LEV at the wing's base is drained by concentrated 
spanwise flow. (A to D) Measured flow fields of seeds 
m1 (A), m2 (B), m3 (Q, and h (D) subsequently 
shown in the three columns of every block for three 
spanwise sections: 25, 50, and 75% span. First row 
shows spanwise vorticity (n,,), which builds up into a 
prominent LEV at 25% span for all four seeds [color 
bar (A to D): +70, +50, +30, +30 s~4]. Second row 
shows spanwise flow speed (w), which peaks at 
25% span [color bar (A to D): +0.5, +0.4, +0.2, 
+0.2 ms“. Third row shows spanwise transport of 
vorticity (w,-w), which peaks at 25% span [color bar 
(A to D): +13, +8, +3, +3 ms]. (E) We found that 
freely flying m4 maple seeds in our vertical wind 
tunnel generated a prominent LEV near the base 
(n = 32). The angle of attack at the wing tip of this 
specimen is 20° (between m1 and m2). 
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Fig. 4. The LEV induces exceptional high local 
lift coefficients near the wing’s base. (A) 
Spanwise lift distribution. The wing’s sectional 
lift is particularly low near the wing tip due to 
the presence of the tip vortex (r, local radius; R, 
wing-tip radius; seed code, Fig. 1B). (B) Product 
of sectional dynamic pressure and chord length. 
(C) The wing’s sectional lift coefficient [(A) 
divided by (B)] peaks near the wing’s base 
(where a LEV is present) and is minimal at the 
tip. (D) The distribution of angle of attack with 
span. The high lift coefficients near the base of 
the wing (C) and the corresponding LEV result 
from the extremely high local angles of attack, well 
beyond 30°. 


The 100% higher aerodynamic efficacy (on 
average) of autorotating seeds explains how they 
can descend only 30% faster than gliding and 
straying seeds even though their wing loading is 
450% higher. Descent factor is highest for maple 
ml and is sequentially lower for m2, m3, and 
hornbeam /, which operate at higher angle of at- 
tacks. The compact and well-attached LEV gen- 
erated by the maple seeds corresponds to higher 
aerodynamic efficacy than that of the partially 
stalled hornbeam seed, neglecting Reynolds 
number and morphological effects. Our free- 
flight experiments with 34 m4 specimens in a 


Fig. 5. Autorotating seeds operate at A 
high aerodynamic efficacy, which is 
greatest at low wing-tip angle of attack. 
(A) Descent time of autorotating seeds 
(0,4) compared to gliding and straying 
seeds (®) as a function of wing loading. 
Symbol width indicates seed mass. Inset 
equation (see Supporting Online Mate- 
rial) indicates that descent time (7) is 
proportional to the square root of descent 
factor (DF), which is a measure of 
aerodynamic efficacy, divided by wing 
loading (WW/S). The average descent time 
and wing loading of gliding and straying 
seeds is indicated by the blue circle. The 
average descent time and wing loading 
of the autorotating seeds is indicated by 
the yellow circle. The blue star indicates 
the predicted performance of gliding and 
straying seeds if they operated at the wing 0 
loading of autorotating seeds. The color- 
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coded hyperbolic curves represent descent time as a function of wing loading at constant descent factor. The 
flight data have been measured by Azuma and co-workers (6, 8, 29, 30), whereas crosses and the corresponding 
circle of m4 indicate our vertical wind tunnel measurements of Acer pseudo-platanus L. seeds. The spread of the 
m4 data illustrates the variance in performance that is typical of seeds (6, 8, 29, 30). The specialized gliding seed 
Alsomitra macrocarpa (Am) is the only seed in this comparison that does not rely on substantial wind for dispersal 
(29). Ash and tulip tree seeds (gray circles) also autorotate, but spin along two major axes. (B) Within a 
population of m4 seeds, descent factor increases with decreasing wing-tip angle of attack. 


vertical wind tunnel confirm this trend: A seed’s 
aerodynamic efficacy increases with decreasing 
angle of attack (Fig. 5B), because at lower angles 
the LEV is more compact (fig. S4) (18). 

The high lift generated by LEVs is exploited 
not only by autorotating seeds during their de- 
scent; hovering insects (//, /2—/6), bats (23), and 
probably birds (24-27) use the same mechanism. 
This suggests that the use of LEVs represents a 
convergent aerodynamic solution in the evolu- 
tion of high-performance flight of both animal 
wings and plant seeds. Our results show that the 
LEV enhances the descent time of autorotating 
seeds for a given value of wing loading. This 
allows a plant to achieve high dispersal perform- 
ance while investing more resources in each 
seed’s embryo relative to those invested in build- 
ing the seed’s aerodynamic surface. Reliance on a 
LEV therefore expands the seed dispersal range 
and most likely the fitness of the tree. The en- 
hanced aerodynamic performance of autorotating 
seeds could inspire the design of more effective 
autorotating vehicles (9, 28). 
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Fluorescent False Neurotransmitters 
Visualize Dopamine Release from 
Individual Presynaptic Terminals 


Niko G. Gubernator,?*+ Hui Zhang,”2* Roland G. W. Staal,” Eugene V. Mosharov,” 
Daniela B. Pereira,” Minerva Yue,” Vojtech Balsanek,* Paul A. Vadola,* Bipasha Mukherjee, * 
Robert H. Edwards,* David Sulzer,”?°+ Dalibor Sames*+ 


The nervous system transmits signals between neurons via neurotransmitter release during synaptic 
vesicle fusion. In order to observe neurotransmitter uptake and release from individual presynaptic 
terminals directly, we designed fluorescent false neurotransmitters as substrates for the synaptic 
vesicle monoamine transporter. Using these probes to image dopamine release in the striatum, we 
made several observations pertinent to synaptic plasticity. We found that the fraction of synaptic 
vesicles releasing neurotransmitter per stimulus was dependent on the stimulus frequency. A 
kinetically distinct “reserve” synaptic vesicle population was not observed under these 
experimental conditions. A frequency-dependent heterogeneity of presynaptic terminals was 
revealed that was dependent in part on D2 dopamine receptors, indicating a mechanism for 
frequency-dependent coding of presynaptic selection. 


ecision making, memory, and learning re- 
D« activation and modification of par- 

ticular synapses. Synaptic transmission in 
turn requires neurotransmitter accumulation into 
synaptic vesicles followed by neurotransmitter 
release during synaptic vesicle fusion with the 
plasma membrane. Optical methods have been 
developed to observe synaptic vesicle membrane 
fusion (/—-4), but there has been no means for 
observing neurotransmitter release from individual 
synapses in the brain. 

We designed optical tracers of monoamine 
neurotransmitters, or fluorescent false neurotrans- 
mitters (FFNs), inspired by classic reports that 
tyramine, amphetamine, and other phenylethyl- 
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Fig. 1. In mouse chromaffin cells, A 
FFN511 is accumulated in LDCVs and 
is released by exocytosis. (A) Chemical 
structure of FFN511. (B) Multiphoton 


image of a chromaffin cell reveals a “tr 


distribution of FFN511 that is con- ho 
sistent with LDCVs. Scale bar, 5 um. 
(C) FFN511 exocytosis from a LDCV 
observed with TIRFM images acquired 
at 500 ms intervals. The upper row 
shows consecutive images of a single 
vesicle. Orthogonal section through 


Dopamine 


membrane 


amines can be taken up into secretory vesicles 
and discharged during exocytosis (5). We designed 
FFNs by targeting neuronal vesicular mono- 
amine transporter 2 (VMAT2), which carries 
monoamine neurotransmitters from the cytoplasm 
into synaptic vesicles (6). VMAT2 is relatively 
nonspecific and transports cellular monoamines 
(such as dopamine, serotonin, and norepineph- 
rine) as well as synthetic amines (such as amphet- 
amine, 3,4-methylenedioxymethamphetamine, 
and 1-methyl-4-phenylpyridinium) (7, 8). We pre- 
dicted that bulkier fluorescent monoamines 
might also be substrates (9) and developed com- 
pound FFNS11 [Fig. 1A and fig. S1; design crite- 
ria are in the supporting online material (SOM)] 
(10). FFN511 inhibited serotonin binding to 
VMAT?2-containing membranes, providing an ap- 
parent half maximal inhibitory concentration ICs9 
of 1 uM, a value close to dopamine itself (7). 

In adrenal chromaffin cells, catecholamines 
are stored in large dense core vesicles (LDCVs) 
that possess the vesicular monoamine transporter 
1 (VMAT1). FFNS5S11 accumulated in a pattern 
consistent with LDCVs in cultured mouse chro- 
maffin cells (Fig. 1B), and the accumulation was 
abolished by the lipophilic base chloroquine, 
which collapses the vesicle pH gradient (fig. S2) 
(/1). Exposure to 350 nM FFNS511 (30 min) had 
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no effect on the quantal size of evoked catechola- 
mine release (fig. S3), and total internal reflection 
fluorescence microscopy (TIRFM) showed that 
FFNS11 undergoes stimulation-dependent exocy- 
tosis from LDCVs (Fig. 1C, fig. $4, and movie 
S1) (22). 

We then examined FFN511 accumulation and 
release in mouse brain using multiphoton mi- 
croscopy. FFN511 incubation of acutely prepared 
slices from the striatum resulted in fluorescent 
puncta that correlated well with the size of axon 
terminals (~1 um) (Fig. 2). No label was observed 
in striatal cell bodies [chiefly medium spiny neu- 
rons (MSNs)], indicating that accumulation into 
lysosomes or other acidic organelles was below 
detection limits. As expected, no labeling was ob- 
served in the corpus callosum (CC), which lacks 
monoamine terminals, and sparser distribution 
was observed in the cortex (Fig. 2, A and G) and 
hippocampus than in the striatum. 

Extensive experimental evidence was accumu- 
lated in order to confirm that FFN5S11 labels do- 
pamine presynaptic terminals in striatum, including 
(i) the overlap of FFN511 signal with that of green 
fluorescent protein (GFP) by using striatal slices 
prepared from transgenic mice expressing GFP 
under the control of the tyrosine hydroxylase (TH) 
promoter (Fig. 2B) (73); (i) exclusion of FFN511 
from y-aminobutyric acid (GABA)-teleasing stria- 
topallidal MSNs by use of bacterial artificial 
chromosome (BAC)-transgenic mice that express 
enhanced green fluorescent protein (EGFP) under 
the control of the promoter of dopamine D2 
receptor (D2R) (fig. S5 and movie S2); (iti) loss 
of FFN511 labeling by lesioning dopamine neu- 
rons by in vivo injection of the selective dopamin- 
ergic neurotoxin 6-hydroxydopamine (6-OHDA) 
into the striatum of one hemisphere (Fig. 2C) 
(14); (iv) inhibition of FFN511 labeling by the 
VMAT2 inhibitors reserpine (Fig. 2D) and Ro 
4-1284 (fig. S6); and (v) an extensive overlap 
of FFN511 with the endocytic synaptic vesicle 
marker FM1-43 (Fig. 2E and fig. S7). Further- 
more, amphetamine (20 uM for 20 min), which 
redistributes vesicular dopamine to the cytosol 
and induces dopamine release without synaptic 
vesicle fusion (/5), caused a substantial loss of 
fluorescence in striatum (Fig. 2F) and the medial 
prefrontal cortex (mPFC) (Fig. 2G). 

Levels of FFNS11 sufficient to label terminals in 
the striatum (10 uM for 30 min) did not significantly 
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alter evoked dopamine release as measured with 
cyclic voltammetry (a reduction of 7.5 + 4%, mean + 
SEM, n = 4 slices, P > 0.5). FFN511 cannot be oxi- 
dized during electrochemical detection, and higher 
concentrations of FFN511 (40 uM) decreased the 
evoked dopamine release by 35.4 + 14% (n = 3 
slices), presumably by displacing vesicular dopa- 
mine. The probe thus acts as an optical tracer of 
dopamine, and is sufficiently fluorescent so as to 


provide resolution of individual dopamine terminals 
at concentrations that do not interfere with normal 
catecholamine accumulation and transmission. 
We examined activity-dependent release of 
FFNS11 from dopamine synaptic terminals using 
a “pulse-chase” protocol in which an acute striatal 
brain slice was labeled with FFN511 (10 uM for 
30 min) and then stimulated with current applied 
by a bipolar electrode (Fig. 3A and movie S3) or 


high potassium (fig. S8). Bipolar stimulation at 1, 
4, and 20 Hz each evoked exponential destaining 
(Fig. 3B) with a mean half-time (¢,) of destaining 
of 330, 257, and 114 s, respectively, whereas neg- 
ligible destaining occurred in the absence of stim- 
ulation or when stimuli were applied, but calcium 
channels were blocked by 200 uM cadmium (Fig. 
3B). For each stimulus frequency and at all times 
during the protracted stimuli, the destaining was 


Fig. 2. FFN511 labels dopamine terminals in live cortical-striatal 
acute slices. (A) Labeling by FFN511 in acute live cortical-striatal 
slice: abundant labeling in the striatum (STR), sparser labeling in 
cortex (CTX), and no label in corpus callosum (CC). Scale bar, 100 jum. 
(B) Overall pattern of FFN511 (red) and TH-GFP (green) fluorescent 
markers shows extensive overlap (yellow) as expected for dopamine 
terminals. The GFP-label (green) is cytosolic and thus fills both 
terminals and axons, whereas FFN511 labels terminals and is more 
punctate. Scale bar, 10 tm. (C) Nearly complete inhibition of 
striatal FFN511 labeling 21 days after unilateral 6-OHDA lesion. 
Striatal slices were examined by means of cyclic voltammetry to 
ensure the complete loss of dopamine release in the lesion side. (D) 
FFN511 labeling was strongly inhibited by reserpine (20 11M). Scale 
bar for C and D, 10 um. (E) Colocalization of FM1-43— (red) and 
FFN511-labeled (green) terminals. Slices were sequentially loaded 
with 10 uM FM1-43 and 5 uM FFN511. A representative image 
from four independent experiments depicts extensive colocalization 
of FFN511- and FM1-43-labeled terminals. Scale bar, 4 uum. (F and 
G) Destaining of FFN511 from the striatum (F) and mPFC (G) by 
amphetamine. (Left) Before amphetamine; (Right) after 20 min of 
20 uM amphetamine. Scale bar, 10 um. 
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Fig. 3. Frequency-dependent induction of multiple dopamine terminal pop- 
ulations. (A) Local stimulation at 4 Hz resulted in destaining from the terminals. 
Stimulation began at t = 0. Scale bar: 5 um. (B) Destaining of FFN511 at 4 Hz is 
Ca’*- and frequency-dependent. Controls received no stimulation (153 puncta 
from 3 slices). Destaining with cadmium chloride (200 uM) was identical to 
unstimulated controls (475 puncta from 5 slices). The destaining curves for each 
stimulation frequency were fit by a single exponential decay function and half-life 
(ty) values calculated as t x 0.693 (1 Hz, 765 puncta from 9 slices; 4 Hz, 410 
puncta from 7 slices; 20 Hz, 416 puncta from 6 slices). (C) The dependence of 
mean fractional release parameter (f, i.e., destaining per stimulus) on stimulus 
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frequency. (D) Histogram of ty values of individual dopamine terminals stim- 
ulated at 1 Hz, 4 Hz, and 20 Hz. Bin size, 20 s. (E) Normal probability plot of 
half-time values for each terminal at 1, 4, and 20 Hz. The deviation from 
normality was increased with stimulation frequency. (F) Spatial distribution of 
FFN511 destaining rates of individual puncta stimulated at 20 Hz are shown in 
false color. Scale bar, 10 um. (G) Averaged destaining kinetics of 60 puncta 
from one region of a slice stimulated consecutively first at 1 Hz (blue) and then 
at 20 Hz (red). (H) Distribution of t,/> values for the terminals in G; distribution 
at 1 Hz was well fit by a normal distribution, whereas the distribution deviated 
from normality at 20 Hz (movie $3). 
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well described by a single exponential. Thus, un- 
der these experimental conditions, neurotransmitter 
accumulation-competent presynaptic terminals 
do not display a population of kinetically distinct 
“reserve” synaptic vesicles. 

This approach provides a means to address the 
long-standing question of the fractional neurotrans- 
mitter released from terminals during stimulation- 
dependent exocytosis. The data suggest that 0.03 
to 0.21% of dopamine synaptic vesicles fused per 
stimulus, depending on the stimulation frequency 
(Fig. 3C). The apparent low probability of release 
is consistent with cyclic voltammetry recordings 
that indicate that stimulation-dependent release of 
dopamine represents a very small fraction of that 
released with amphetamine (/6). There was a de- 
pression at more rapid stimulation, with twofold 
less destaining per pulse at 4 Hz and sixfold less 
destaining per pulse at 20 Hz than at 1 Hz (Fig. 3C). 
If dopamine terminals are mostly releasing neuro- 
transmitter by full fusion of the synaptic vesicle 
(17), these measurements indicate the fraction of 
transmitter accumulation—competent synaptic vesi- 
cles fused per stimulus and revealed a stimulation- 
dependent form of presynaptic plasticity. The 
level of fractional destaining was enhanced with 
higher extracellular calcium (table S1), suggesting 
that frequency-dependent effects may be related to 
an activity-dependent decrease of calcium entry 
per stimulus, although other possibilities such as 
altered fusion mechanisms, depletion of a readily 
releasable pool, or decreased signal propagation 
through axons cannot be ruled out. 


We next analyzed the heterogeneity within 
large ensembles of dopamine terminals in the 
striatum. The distribution of individual terminal 
activities showed a rightward skew at all stimulus 
frequencies when individual terminal half-times 
were displayed as histograms [P < 0.005, different 
from normal distribution by Kolmogorov-Smimov 
(KS) test for all three frequencies] (Fig. 3D). In nor- 
mal probability plots, in which normally distrib- 
uted data are linear, multimodal distributions can 
be seen that deviate further from normality with 
increased stimulus frequency (1 Hz, D = 0.0628; 
4 Hz, D=0.1160; 20 Hz, D= 0.1321; D statistics 
were obtained with the KS test and indicate the 
deviation from normality) (Fig. 3E). All distri- 
butions were different from normal distribution 
and from each other (P < 0.005, KS test). The 
highly skewed distribution at 20 Hz indicates mul- 
tiple populations of presynaptic terminals, includ- 
ing the most active population in which the 
probability of terminal content release per stimulus 
(Pierminal) 18 ~0.2%, and the slowest population, 
with Preminal ~ 0.005%. The spatial distribution of 
presynaptic activity appeared to be complex, with 
very active and inactive terminals often nearby 
(Fig. 3F). There was no relationship between initial 
fluorescent intensity and terminal destaining rates 
(fig. S9), suggesting that the heterogeneity in termi- 
nal activity was unrelated to the number of function- 
al synaptic vesicles. To examine whether terminal 
heterogeneity may be due to variation in the depo- 
larization of the terminals, we stimulated the same 
slice preparation at two frequencies and measured 
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FFNS11 destaining, first at 1 Hz and then at 20 Hz 
(Fig. 3, G and H). The distribution of halftime 
values obtained from the same set of presynaptic 
terminals is well fit by a normal distribution at 1 Hz 
(D=0.062, P> 0.1, KS test) (Fig. 3, G and H, blue) 
and is in an apparent multiple population distribu- 
tion at 20 Hz that is not fit by a normal distribution 
(D = 0.194, P < 0.0001, KS test) (Fig. 3, G and H, 
red). This confirms that presynaptic terminal 
heterogeneity is stimulation frequency—dependent, 
although we cannot exclude the possibility that this 
is due to differences in axonal action potential 
propagation. Differential activity of individual 
glutamate presynaptic terminals has been observed 
by using either postsynaptic electrophysiological 
measurements (/8, 19) or optical imaging, indicating 
membrane fusion (4); FFN511 reveals heterogeneity 
of dopamine release from individual terminals in the 
striatum and shows that this is a dynamic phe- 
nomenon dependent on stimulation frequency. 

Cyclic voltammetry recordings in the striatum 
indicate that dopamine D2R activation inhibits 
the evoked release of dopamine in a frequency- 
dependent manner (20), and we thus examined 
how the frequency-dependent dopamine terminal 
heterogeneity was affected by the D2R antagonist 
sulpiride (10 uM for 20 min) (Fig. 4). There was no 
significant change in the mean values of terminal 
kinetics at 1 and 4 Hz, although sulpiride acceler- 
ated release in the slow population of terminals 
more than one SD slower than the expected mean 
(Fig. 4, A and B). At 20 Hz, however, sulpiride 
increased the mean ¢,,. by more than 50% (mean 
ty. = 106.2 + 4.0 s for control versus 161.0 + 4.7 s 
for sulpiride), slowing the destaining kinetics of 
>65% of the terminals (Fig. 4C). The distributions 
of the destaining kinetics were closer to normal in 
the presence of sulpiride (D = 0.0445 at 1 Hz 
with sulpiride versus D = 0.0628 with 1 Hz con- 
trol; D = 0.0729 at 4 Hz with sulpiride versus D = 
0.1160 with 4 Hz control; D = 0.1033 at 20 Hz 
with sulpiride versus D = 0.1321 with 20 Hz con- 
trol by KS normality test). Except for 1 Hz with 
sulpiride, all distributions deviated from normality 
(P < 0.005) and from the corresponding controls 
(P < 0.001), confirming that the emergence of mul- 
tiple populations was dependent in large part on 
D2R activation. Consistently, cyclic voltammetry 
recordings confirm that sulpiride enhanced dopa- 
mine release by the second stimulus pulse at 20 Hz 
(2 single pulses with an interval of 0.05 s) (fig. 
S10A), and enhanced dopamine release by 2 pulses 
at 20 Hz but did not enhance dopamine release 
by 30 pulses at 20 Hz (fig. S10B). The phenom- 
enon of frequency and pulse-dependent reversal 
of receptor inhibition of dopamine overflow has 
been identified using nicotinic antagonists (2/, 22). 
Thus the activity-dependent terminal heterogeneity 
is associated with receptor-mediated responses, 
and indicates the presence of frequency-dependent 
coding (23) that may determine how particular 
synapses are activated during decision-making, 
habit formation, and learning. 

Spatial heterogeneity of dopamine release has 
been demonstrated by means of electrochemical 
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recordings with a resolution of ~100 um (24) and 
has been suggested to play an important role in 
the modulation of synaptic circuitry involved in 
motivation, reward, and learning. Here we find that 
the activity of individual dopaminergic presynaptic 
terminals is modulated by neuronal activity and 
receptor activation. FFNs enable optical measure- 
ments of key presynaptic processes in the central 
nervous system, including accumulation of a vesicle 
transporter substrate and release by evoked activity 
or drugs such as amphetamine, at unprecedented 
spatial resolution. FFN511 is compatible with GFP- 
based tags, the FM1-43 endocytic marker, and 
other optical probes, which will allow the construc- 
tion of fine-resolution maps of synaptic micro- 
circuitry and presynaptic activity, particularly in 
regions such as the hippocampus and cortex 
where monoamine innervation can be too sparse 
for electrochemical recording. 
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Structure of Rotavirus 
Outer-Layer Protein VP7 Bound 
with a Neutralizing Fab 


Scott T. Aoki,’ Ethan C. Settembre,** Shane D. Trask,’t Harry B. Greenberg,” 


Stephen C. Harrison,”?+ Philip R. Dormitzer?*t 


Rotavirus outer-layer protein VP7 is a principal target of protective antibodies. Removal of free 
calcium ions (Ca2*) dissociates VP7 trimers into monomers, releasing VP7 from the virion, and 
initiates penetration-inducing conformational changes in the other outer-layer protein, VP4. 

We report the crystal structure at 3.4 angstrom resolution of VP7 bound with the Fab fragment of a 
neutralizing monoclonal antibody. The Fab binds across the outer surface of the intersubunit 
contact, which contains two Ca?* sites. Mutations that escape neutralization by other antibodies 
suggest that the same region bears the epitopes of most neutralizing antibodies. The monovalent 
Fab is sufficient to neutralize infectivity. We propose that neutralizing antibodies against VP7 act 
by stabilizing the trimer, thereby inhibiting the uncoating trigger for VP4 rearrangement. 

A disulfide-linked trimer is a potential subunit immunogen. 


otaviruses are multilayered, non-enveloped 
R particles with double-stranded RNA (dsRNA) 

genomes (/). Four structural proteins form 
a complex, three-layered capsid, which packages 
two viral enzymes and 11 dsRNA genome seg- 
ments. A double-layered particle (DLP) assembles 
in the cytoplasm, buds into the endoplasmic retic- 
ulum (ER), receives in this process a transient bi- 
layer membrane, and ultimately acquires an outer 
layer of protein, viral protein 7 (VP7), in place of 
the transient envelope. VP7 must be present in suf- 
ficient quantity and must fold correctly in order to 
displace the intermediate membrane (2-4). This 
unusual maturation pathway results in the coating 
of a cytoplasmically synthesized and assembled 
inner particle with an ER-synthesized glycopro- 


tein, but with no intervening membrane in the ma- 
ture virion. 

The surface of the DLP is a 7= 13 icosahedral 
lattice of the trimeric protein, VP6, anchored on a 
T= 1 inner layer of VP2 (Fig. 1A). VP7 is like- 
wise a trimer, stabilized by Ca** ions (5). It forms 
the outermost virion layer, also with T = 13 
icosahedral packing, by capping the VP6 pillars 
(6-8). Assembly of the VP7 shell locks into place 
a second outer-layer protein, VP4, which is an- 
chored between VP6 pillars and protrudes above 
the VP7 layer (9, 70). VP4 spikes mediate attach- 
ment to cells and undergo a sequence of conforma- 
tional changes that lead to endosomal membrane 
penetration (//, /2). Uncoating of VP7, probably 
by withdrawal of Ca", is necessary for these 


changes to occur (/3). Thus, VP7 participates both 
in a membrane-displacing assembly step and in a 
membrane-disrupting entry step. 

Rotavirus infection is the principal cause of 
severe, dehydrating diarrhea in infants (/4). Live 
attenuated vaccines are now being introduced, 
but the efficacy and practicality of these vaccines 
in the impoverished settings in which most infant 
deaths from rotavirus occur have not yet been 
established (/5). VP7 and VP4 are the targets 
of neutralizing and protective antibodies, and the 
structures and immunogenicities of these proteins 
underlie ongoing efforts to produce next generation 
subunit vaccines. Viruses bearing VP7 of at least 15 
different serotypes (designated G1 to G15) have 
been isolated, 11 from humans (/6, /7). Epitopes of 
a number of neutralizing monoclonal antibodies 
(mAbs) have been determined, but the lack of a 
three-dimensional structure has precluded system- 
atic study of neutralization mechanisms. 

We have determined the crystal structure of the 
rhesus rotavirus (RRV, serotype G3) VP7 trimer in 
complex with the Fab fragment of neutralizing 
mAb 4F8 (/8). The core of the subunit folds into 
two compact domains, with disordered N- and 
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Fig. 1. Structure of A 
RRV VP7. (A) Structure 
of the complete virion 
as determined by cryo- 
EM and filtered at 25 A 
resolution. The segmen- 
tation of the structure is 
based on reconstructions 
of the complete virion 
(13) and the VP7-coated 
DLP (23) and on pub- 
lished work of others 
(6-8). (B) Schematic di- 
agram of the VP7 pri- 
mary structure, including 
the signal sequence (res- 
idues 1 to 50, light gray). 
The two domains are in 
the same colors as in (Q; 
the N- and C-terminal 
arms, disordered in the 
crystal structure, are in 
dark gray. The pattern 
of intrasubunit disulfide 
bonds is also shown, with 
numbers corresponding 
to the positions of the 
cysteine residues. (C) Rib- 
bon diagram of the tri- 
mer (left), viewed along 
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its three-fold axis (i.e., as if looking onto the surface of the virion) with one subunit and one pair of Ca** ions in color and the other two subunits in gray. The 
Rossmann-fold domain (domain 1) is in yellow, the B-barrel domain (domain II) in orange, and the Ca?" ions in blue. A single subunit, in side view, is shown on the 
right, with secondary structure elements labeled. See fig. S3 for amino acid sequence of RRV VP7, with secondary structural elements designated. 


Fig. 2. View of the sub- 
unit interface, showing 
Ca** ion binding sites 
(labeled as 1 and 2) and 
the Fab contact. The view 
is from a direction that 
would be 60° around to 
the right in Fig. 1C, right 
panel. Residues that con- 
tribute to Ca** ligation 
(through side-chain groups 
or main-chain carbonyls) 
are included in stick rep- 
resentation and labeled. 
The light chain is in red, 
the heavy chain in cyan. 
VP7 colors are as in Fig. 
1. The light-chain CDR3, 
the heavy-chain CDR2, 


and several secondary-structure elements in VP7 are labeled to provide points of reference and to 
facilitate comparison with Fig. 1. The heavy-chain CDR3, which like the light-chain CDR3 has extensive 
contacts with VP7, is the loop in the rear with a projected figure 8—like appearance. The red asterisk on 
VP7 (at center right) shows the location of the 4F8 escape mutation at position 96. Amino acid 
abbreviations: D, Asp; E, Glu; G, Gly; N, Asn; Q, Gln; T, Thr; V, Val. 


C-terminal arms. There are two Ca’" ions bound at 
each subunit interface in the trimer. The 4F8 Fab 
also binds across the trimer interface, apparent- 
ly stabilizing it even at Ca’* concentrations that 
would normally lead to dissociation. Known epi- 
topes map either to the same region of the trimer 
surface or to a region at the interdomain boundary 
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within a subunit. We show that the 4F8 Fab frag- 
ment neutralizes infectivity, with a median inhib- 
itory concentration (ICs) only about 30 to 50 times 
that of the intact, divalent immunoglobulin G (IgG), 
and we conclude that trimer stabilization, which 
will block uncoating, is the principal mechanism 
of neutralization by antibodies that recognize epi- 


topes at the subunit interface. In other work (/3), 
we have described a cryoelectron microscopy (cryo- 
EM) image reconstruction at 4 A resolution of a 
DLP recoated with recombinant VP7, showing that 
the N-terminal arms of a VP7 trimer grip the un- 
derlying trimer of VP6. A hinge-bending rearrange- 
ment at the VP7 intrasubunit domain interface 
accompanies DLP binding. The 4F8 epitope at 
the intersubunit contact remains unaltered. 
Recombinant RRV VP7 [expressed in insect 
cells as described (5)] and the Fab fragment of 
mAb 4F8 form a 1:1 complex that can be isolated 
by size exclusion chromatography (fig. S1) and 
crystallized in space group P4,32 (a = 244.18 A, 
one VP7 subunit plus one Fab fragment per asym- 
metric unit) from polyethylene glycol (molecular 
weight 4000) in a pH 5.6 sodium citrate buffer with 
0.1 mM CaCl. Previous efforts to crystallize the 
VP7 trimer had yielded only very disordered crys- 
tals. We recorded diffraction to a minimum Bragg 
spacing of 3.4 A resolution, using beamline ID-24C 
at the Advanced Photon Source, Argonne National 
Laboratory (table S1). We obtained starting phases 
by carrying out a molecular replacement search 
with a library of 244 antibody fragment structures. 
We performed the rotation function calculations 
with an integration radius of 35 A, using the pro- 
gram MOLREP (/9), with each of the 244 struc- 
tures as probe. Of these calculations, eight yielded 
promising solutions, as judged by a distinct dif- 
ference between the ratio of rotation-function score 
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to sigma (RF/o) for the best solution and that for the 
next best. Inspection showed that the Fab fragments 
that yielded these solutions all had similar elbow 
angles and that the positions and orientations of the 
fragment in the unit cell all had similar values. One 
of the top solutions was PDB accession number 
1DBM, a murine IgG1-« Fab similar to 4F8. We 
therefore used this model, modified to display the 
correct residues of the 4F8 variable domains (se- 
quenced from the hybridoma cell line), for further 
calculations and model building. Most of the VP7 
polypeptide chain was evident in the molecular- 
replacement electron density, with the exception 
of N- and C-terminal segments, and we could build 
a preliminary model without difficulty. The high 
solvent content (87%) allowed us to calculate a 
very clear map by solvent flipping (fig. S2), despite 
the modest resolution (3.4 A). 

The VP7 subunit is a “Rossmann fold” (do- 
main J), with a jelly-roll B sandwich (domain II) 
inserted between a-helix D and f-strand 12 (Fig. 
1, B and C). There are four disulfide bonds, one 
within domain J and the other three within domain 
II (Fig. 1B). After initial refinement, a difference 
map revealed two strong peaks at the subunit in- 
terface. Addition of Ca’* ions to the model at each 
of these positions improved the free R-factor. The 
final model contains residues 78 to 312 (table S1). 
Asn®, the single glycosylated residue in RRV 
VP7, is in the disordered, N-terminal arm (fig. S3). 
Three subunits assemble into a thin triangular plate 
with a central depression, a variable surface that faces 
outward on the virion, and a more conserved, some- 
what negatively charged, inward-facing surface. 

The two Ca*" sites both have side-chain car- 
boxylate and main-chain carbony] neighbors appro- 
priate for divalent cations, and the contributing side 
chains are conserved among group A rotaviruses 
(Fig. 2). There are six protein-derived ligands at 
site 1 and four at site 2; one or two water molecules, 
not included because of the limited resolution, 
presumably complete the coordination sphere at 
the latter site. Site 2 is close to the Fab interface. 
The presence of the bound ion might influence 
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Fig. 3. Neutralization of RRV by the IgG and Fab 
of mAb 4F8. Percent infectivity is plotted (on a log 
scale) against antibody or Fab concentration (also 
on a log scale). Error bars calculated (SDs) are from 
three independent measurements. See supporting 
online material for details of the assay. 


the conformation of VP7 loops in contact with the 
antibody. Mutants in strain RF that confer resistance 
to low calcium have a Pro”? — Leu substitution, 
sometimes accompanied by a Pro””? > Ser mu- 
tation (20). The former site is in the N-terminal arm, 
at a location where a leucine might enhance the grip 
on VP6; the latter, on the inward-facing surface of 
VP7, is at a point of contact with the outward- 
facing surface of VP6 (20). The resistance to low 
Ca probably arises from the indirect effect of either 
mutation in stabilizing the contact with VP6, rather 
than from a direct effect on the Ca?" sites. 

The Fab binds across the intersubunit junc- 
tion, on the surface of the trimer that will face 
outward when VP7 coats the virion (/3) (Fig. 2). 
The heavy chain carries a majority of the contacts 
(78% of total buried surface area at the Fab-VP7 
interface) to domain I of one subunit and domain 
Il of the other. The one clear light-chain contact is 
at the site of a neutralization escape mutation 
(Asn°° — Asp) (2/). Like all well-characterized, 
VP7-directed neutralizing antibodies, 4F8 binds 
only trimeric VP7 and not the Ca**-free monomer 
(22). A number of neutralizing antibodies, including 
4F8 and 159, block VP7 uncoating from virions, 
even in the presence of Ca?" chelators (22, 23). By 
locking down the subunit interface, these antibodies 
probably stabilize the trimer, even at very low di- 
valent cation concentrations. 

If 4F8 prevents uncoating by stabilizing indi- 
vidual trimers, then the Fab fragment should also 
neutralize. Figure 3 shows the results of neutral- 
ization assays with intact 4F8 mAb and with 4F8 
Fab. The ICs for the Fab is about 30 to 50 times 
that of the intact, bivalent mAb, presumably be- 
cause of an avidity effect, but the neutralization 
activity of the Fab is unambiguous. Earlier ex- 
periments that came to the opposite conclusion 
generated the Fab by papain digestion of virion- 
antibody complexes (23, 24); the concentration 
of Fab thus produced was probably not sufficient 
to give a measurable effect. 

The sites of mutations in VP7 that permit es- 
cape from neutralization by various mAbs map to 


two regions, 7-1 and 7-2, on the exposed surface of 
the protein. Each region includes several “epi- 
topes” previously designated by letters (see Fig. 4 
and table S2, in which we group the published 
epitopes into the two structurally defined regions). 
Region 7-1, which spans the intersubunit bound- 
ary, is immunodominant. It contains the positions 
of escape mutations selected by 58 of 68 tested 
neutralizing mAbs, including 4F8. Two mAbs select 
escape mutations in both regions 7-1 and 7-2 (table 
S2). Modification at position 211 by an oligosac- 
charide, which would block antibody binding to 
region 7-1, confers resistance to neutralization by 
hyperimmune anti-rotavirus serum (2/7). Most or all 
of the antibodies that bind region 7-1 probably 
neutralize by a mechanism similar to that proposed 
above for 4F8. Region 7-2 is at the interdomain 
boundary within a single VP7 subunit. Antibodies 
that bind region 7-2 may neutralize by a different 
mechanism. Analysis of a high-resolution cryo-EM 
reconstruction of VP7-coated DLPs shows that the 
subunit undergoes a conformational change when it 
binds the DLP, with a substantial dislocation at the 
domain interface but little or no change at the in- 
tersubunit contact (/3). We suggest that antibodies 
that bind in region 2 stabilize the trimer by fixing 
the virion-associated conformation, by cross-linking 
subunits within a trimer, or by cross-linking adja- 
cent trimers on the surface of the virus particle. 

The sequences of amino acid residues at posi- 
tions 87 to 101 and 208 to 211 are conserved among 
strains within a G serotype but not across differ- 
ent serotypes. These sequences are “signatures” 
that can be used to predict the serotype of a new 
isolate (25). They correspond to surface ridges on 
either side of the subunit interface, in regions 7-la 
and 7-1b, respectively. Because both homotypical- 
ly and heterotypically neutralizing mAbs select 
mutations in region 7-1 (and also in region 7-2), 
some aspect of antibody binding other than epitope 
location must determine the breadth of neutralizing 
capacity (2/, 26, 27). 

Regions 7-1 and 7-2 together cover much of 
the outward-facing surface of VP7. Analysis of 


(glycan) 


Fig. 4. Positions of neutralization escape mutations selected by various mAbs. The residues cluster roughly 
into two regions designated 7-1 and 7-2 (see text). Region 7-1 spans the intersubunit boundary; we have 
divided it into 7-1a (red), on one side of the interface, and 7-1b (pink), on the other. Residues in 7-2 are in 
blue. The 4F8 Fab (and, by inference, the Fabs of most mAbs that recognize residues in region 7-1) has 
contacts in both 7-1a and 7-1b (see Fig. 2). Positions at which escape is through a mutation that produces a 
new glycosylation site are in orange and lie either in 7-1 or 7-2; an asterisk labels residue 211 (see text). 
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sequences from all 11 human G serotypes shows 
that most of the variability is in residues on the 
outward-facing surface of the VP7 trimer (fig. S4). 
Because there is no extensive conserved patch on 
this surface, any potential cellular receptor that binds 
VP7 on the virion must have a very small binding 
footprint, or its identity and site of interaction must 
vary among serotypes or isolates. It has been sug- 
gested that VP7 may interact with oX2 integrins 
after attachment (28). The site proposed as an 
integrin-binding motif (GPR, resides 253 to 255) 
is on the inward-facing surface of the trimer and 
would only be available to interact with integrins 
after uncoating. 

We have designed a disulfide-linked variant of 
the VP7 trimer by substituting cysteines for Thr’’° 
and GIn*°°, which face each other across the sub- 
unit contact. The resulting disulfide is largely buried 
at the interface. The secreted product of insect cell 
expression is indeed stably trimeric (fig. S5). The 
arm-grip mode of association with VP6 thus al- 
lows the VP7 trimer to bind and to lock VP4 in 
place, but cross-linking of the core subunits retards 
dissociation, probably by several orders of mag- 
nitude. These observations support the notion that 
withdrawal of Ca’* is the uncoating trigger in 
an endosome. 

Rotavirus infection and parenteral immuniza- 
tion with virions both induce a strong VP7-specific 
neutralizing antibody response (/). Recombinant 
VP7 elicits neutralizing antibodies only inefficient- 
ly, probably because the free trimer dissociates; the 
response can be enhanced by adding a C-terminal 


membrane anchor, which presumably increases 
trimer stability by immobilizing the subunit in two 
dimensions on the cell surface (5, 29). The disul- 
fide cross-linked VP7 trimer, which binds neutral- 
izing antibodies such as mAb 159, is a good first 
candidate for a more effective, stable, structurally 
engineered subunit immunogen. 
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Extensive Demethylation of Repetitive 
Elements During Seed Development 
Underlies Gene Imprinting 


Mary Gehring, Kerry L. Bubb, Steven Henikoff* 


DNA methylation is an epigenetic mark associated with transposable element silencing and gene 
imprinting in flowering plants and mammals. In plants, imprinting occurs in the endosperm, which 
nourishes the embryo during seed development. We have profiled Arabidopsis DNA methylation 
genome-wide in the embryo and endosperm and found that large-scale methylation changes 
accompany endosperm development and endosperm-specific gene expression. Transposable 
element fragments are extensively demethylated in the endosperm. We discovered new imprinted 
genes by the identification of candidates associated with regions of reduced endosperm 
methylation and preferential expression in endosperm relative to other parts of the plant. These 
data suggest that imprinting in plants evolved from targeted methylation of transposable element 
insertions near genic regulatory elements followed by positive selection when the resulting 


expression change was advantageous. 


ytosine DNA methylation is a stable 
epigenetic modification that has roles in 
transposable element silencing and gene 
imprinting in plant and animals. In plants, gene 
imprinting occurs in the endosperm during seed 
development (/). At fertilization, one sperm fer- 
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tilizes the haploid egg cell, which becomes the 
diploid embryo, and the other sperm fertilizes the 
diploid central cell, generating the triploid endo- 
sperm. In Arabidopsis, the 5-methylcytosine DNA 
glycosylase DEMETER (DME) demethylates ma- 
temal alleles of imprinted genes in the central cell 


before fertilization, thus establishing methylation 
asymmetry between embryo and endosperm. Sim- 
ilarly, in maize an imprinted gene is less meth- 
ylated in the central cell than in the egg cell or sperm 
(2). The asymmetry between embryo and endosperm 
represents an opportunity to characterize DNA 
methylation in parallel genomes established simul- 
taneously at fertilization within the same seed. 

To compare tissue-specific methylation patterns 
within developing seeds, we dissected embryo and 
endosperm from torpedo-stage seeds of two Ara- 
bidopsis thaliana accessions, Col-gl and Ler (fig. 
S1A) (3). Methylated DNA was immunopre- 
cipitated with an antibody to 5-methylcytosine, 
sequenced with Illumina Genome Analyzer tech- 
nology (Illumina, San Diego, CA), and aligned to 
the reference Col-0 genome. We created methyla- 
tion profiles using high-quality reads that mapped to 
only one position in the genome (table $1). Embryo 
and endosperm methylation profiles were highly 
correlated (Pearson’s R = 0.91 for Col-g/ and 0.89 
for Ler) and share similar features with other whole- 
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genome methylation profiles that have been gener- 
ated for Arabidopsis with other platforms (Fig. 1 and 
fig. S1B) (4, 5). Methylation levels are relatively 
high in gene-poor heterochromatic regions around 
centromeres and decrease in gene-rich chromo- 
some arms (Fig. 1A). Transposable element genes 
(a set of 3900 elements with open reading frames) 
are more heavily methylated than protein-coding 
genes, and genes are more methylated within their 
bodies than at their 5’ and 3’ ends (Fig. 1B). How- 
ever, transposable element genes and regions flank- 
ing genes are on average less methylated in the 
endosperm than embryo (Fig. 1B). If the calculation 
of average methylation profiles 5’ and 3’ of protein- 
coding genes excludes methylation from trans- 
posable elements or their fragments, the methylation 
difference between embryo and endosperm in 
regions flanking genes almost entirely disappears, 
which indicates that repetitive elements are hypo- 
methylated in the endosperm (Fig. 1C). These re- 
sults suggest that there is a genome-wide decrease 
in methylation in the endosperm as compared with 
the embryo. Reduction in methylated DNA in the 
endosperm is also observed when immunoprecip- 
itated methylated DNA is hybridized to genomic 
tiling arrays (fig. S2). This small genome-wide re- 
duction is consistent with the report that maize 
endosperm has 13% less 5-methylcytosine than do 
embryos or leaves (6). 

To identify regions of the genome subject to the 
largest changes in DNA methylation [differential- 
ly methylated regions (DMRs)], we calculated an 
embryo-endosperm difference score in overlapping 
300-base pair (bp) segments and set the cutoff to 
include the top 0.5% of differences (top DMRs) 
(Fig. 2A). This cutoff detects the previously de- 
scribed methylation differences 5’ and 3’ of the 
imprinted MEA gene (7), whereas those 5’ of FWA 
(8) fall just below it (+1.18 versus a cutoff of 1.20) 
(Fig. 2B). This cutoff also detects previously hy- 
pothesized methylation differences (9, /0) at the 
PHE] and FIS2 imprinted genes (Fig. 2B). About 
90% of the top DMRs have a positive score, which 
indicates greater methylation in the embryo than 
endosperm (fig. S3). In plants, DNA methylation is 
actively targeted by small RNAs, which often arise 
from and target repetitive elements (//). The top 
DMRs were almost threefold enriched in regions 
of the genome corresponding to transposable ele- 
ments (/2) and small RNAs (73) (table S2), which 
indicates that demethylation occurs at regions that 
are actively targeted for DNA methylation in other 
tissues. The distribution of the DMRs along the 
chromosomes parallels the distribution of trans- 
posable elements (fig. S4). 

Bisulfite sequencing around 15 different regions 
that fell above and below the top 0.5% cutoff largely 
validated the predictions from the deep-sequencing 
analysis (fig. S5). For DMRs with a positive score, 
methylation of individual bisulfite clones from the 
endosperm was more variable than from the em- 
bryo. Often, two distinct subpopulations of clones 
were observed in the endosperm, including clones 
with no methylation, which were never observed in 
the embryo. Therefore, unmethylated clones in the 
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endosperm might represent specific demethylation 
of the maternal genome by DME in the central cell 
before fertilization. In support of this possibility, 
clones with no methylation were nearly eliminated 
in dme mutant endosperm. 

More than half of the top positive DMRs (endo- 
sperm less methylated than embryo) occur within 2 
kilobase (kb) upstream or 2 kb downstream of genes 
(fig. S3) (7, 14). We identified all protein-coding 
genes in which a top positive DMR fell within the 
body of the gene or 1 kb 5’ or 3’. This yielded 1276 
genes for the Col-g/ embryo-endosperm comparison 


(table S3) and 1163 for Ler embryo-endosperm 
comparison (table S4). Embryo methylation pro- 
files for these genes display prominent peaks cen- 
tered at ~700 bp both upstream and downstream 
that are largely absent in the endosperm (Fig. 3 and 
fig. S6). This change represents loss of methylation 
in the endosperm and not gain of methylation in the 
embryo because these genes are similarly meth- 
ylated in embryos and adult plants (figs. S1C and 
S6C). Upstream and downstream methylation peaks 
are partially restored in dme mutant endosperm 
(Fig. 3), despite the fact that dme endosperm is 
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Fig. 1. Endosperm is less methylated than embryo. 
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(A) Typical methylation profiles from a gene-rich and 


gene-poor region of the genome showing highly similar methylation patterns in embryo, endosperm, and 
dme endosperm from the Ler and Col-gl accessions. (B) Average methylation in 100-bp windows of 
protein-coding genes and transposable element genes aligned at either their 5’ or 3’ ends in Col-gl 
embryo and endosperm. (C) Methylation profiles of protein-coding genes when a set of 31,076 
transposable element fragments (12) are and are not excluded from the averaging. 
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Fig. 2. Known imprinted 
genes are associated with 
top DMRs. (A) Histogram of 
Col-gl embryo—endosperm 
difference scores for 1.2 mil- 
lion overlapping 300-bp 
segments. Dashed lines 
represent the cutoff for the 
top 0.5% of methylation 
differences (~6000 300-bp 
segments). (B) Embryo and 
endosperm methylation 
profiles of known imprinted 
genes. Red arrows indicate 
regions within the top 
0.5% of methylation dif- 
ferences; the gray arrow 
indicates a region below 
the cutoff. 
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every 100 bp. 


2.57 r 


average # normalized reads 


Ler genes 


2.5] r 


dme endosperm 


average # normalized reads 


3 kb 0 0 2.5 kb 


www.sciencemag.org SCIENCE VOL 324 12 JUNE 2009 


erm ry 


1449 


REPORTS 
A ‘ 


1450 


AT4G25530 
FWA/HDG6 


AT5G17320 
HDG9 Ler 
AT3G03260 —Ler 
HDG8 —Col-gl 
—Col-g/ 


AT4G00540 —Ler 


MYB3R2 ee 


—tLer 


—Ler 
AT3G25260 —Col-g! 
——Col-g/ oO 
a 
[00 
B Col-g/ Ler  Col-g/ X Ler Ler X Col-g/ ® 
DNA DNA RT-PCR RT-PCR 
CGC Cre CGC 
AT2G32370 
HDG3 e 
o 
a 
2) 
TGC TAC = 
(\ 5 
ATSG62110 7 | mh r 
Aull AAA ANN ANN 
| 
AT2G25940 | \ | | | 


oVPE | 


000000000000000000000000000000000000 
00000€000000000000000000000000000000 9000! 
00000 0000000000000800000000000000000 
00000 080000000000800000000000000000 
000000000000000000000000000000000000 
00000000000000000 teedtieanteediaad et 
Het tad etthe dete Heafheatett4 


0000 }@60000800000000080000000 
ooovosessooooecoDoseoeoesseeaeeeo00 


000000000000000000000000000000000000 


000000000000000000000000000000000000 90 
feetteatttedec tiene ttaareeettitee rey 001 


EOIISISIISSBTRRS 88 


000000000000800000880000000080000000 


Cc 
embryo eT eS Senne EEA 


endosperm 


1000000000000000000080000000 
1000080000060000000080000000 
1000080000000000000080000000 
1000000000000000000080000000 
1000080000000000000080000000 


hogerdoenes 


1000600: 100000000 0000000 
0008000 10800000000000000000 
1000060000880000000000000000 
1000000000000000000080000000 


100 1000000000880000000000000000 
000000080000000000800000000000000000 


Ler female clones Col-g/ male clones 


D 
embryo —————_& 


endosperm 


embryo 
SSSSSRSSSRSSSES 


t=t=t=t 


=o 


3S 


ie 


00 
ETS 
5 100 
2] 

00 
3 |S 000008800000 9407009000 
B | 00 00000008000000808000800008000 
E 00 0900 8800000000 ooee08 
© | 0 100000000008080008000 

00 sp009e080000000080008 


3S 


00000 e80000000008 0000008 


38 


ss 


Ss 


Col-g/ female clones Ler male clones 


Fig. 4. Expression and methylation analysis of new imprinted genes. (A) RT-PCR allele-specific expression analysis 
from endosperm RNA of Col-gl females crossed with Ler males and Ler females crossed with Col-gl males. FWA is a 
control imprinted gene; AT3G25260 is biallelic. (B) RT-PCR sequencing chromatograms for the paternally expressed 
genes AT2G32370 and AT5G62110. The biallelically expressed gene aV/PE is shown as a control. (C and D) 


Methylation profiling and allele-specific bisulfite sequencing analysis of new imprinted genes. Dashed lines rep- 
resent the cutoff for the top 0.5% of differences. Each line of circles represent a bisulfite sequencing clone from 
embryo or endosperm. Filled circles indicate methylated cytosine. Red, CG; blue, CHG; gray, CHH. 


overall hypomethylated as compared with wild 
type [supporting online material (SOM) text]. Thus, 
much of the methylation 5’ and 3’ of genes that is 
depleted in the endosperm is probably lost because 
of active demethylation by DME in the central cell 
before fertilization, although other mechanisms 
probably also contribute (/5). 

DNA methylation of promoters inhibits tran- 
scriptional initiation. The most prominent losses 
of gene-associated methylation in endosperm 
occur well upstream of the transcriptional start 
site (Fig. 3) and, for most genes, the presence of 
nearby DNA methylation apparently has little 
effect on gene expression (fig. S7). However, we 
found that genes with endosperm-preferred 
expression (/6) are less methylated at 5’ sequences 
in the endosperm than embryo (fig. S8), which 
suggests that 5’ loss of methylation is associated 
with increased expression of a subset of genes in 
the endosperm. 

Known imprinted genes are less methylated 
in the endosperm than embryo (Fig. 2B) and ex- 
hibit endosperm-preferred expression (/6). To 
identify previously unkown imprinted genes, we 
chose genes with top DMRs in comparisons be- 
tween embryo and endosperm and between wild 
type and dme endosperm for Col-g/ and Ler 
data sets. A set of 113 genes have top DMRs 
in three of the four comparisons, including the 
known imprinted gene MEA (table S5). Two of 
these genes, HDG3 and HDG9, belong to the 
16-member class [V homeodomain leucine zip- 
per transcription (HD-ZIP) factor gene family 


that also includes the known imprinted gene FWA. 
As with FWA, three HD-ZIP genes are expressed 
primarily or exclusively in siliques: HDG3, HDG8, 
and HDG9 (17). 

To test parent-of-origin—specific expression of 
putative imprinted genes, we performed reciprocal 
crosses between Ler and Col-g/ and assayed ex- 
pression patterns by means of reverse transcriptase 
polymerase chain reaction (RT-PCR). Only the ma- 
ternal HDG9 allele was expressed in the endosperm 
(Fig. 4A). We confirmed that methylation was lost 
around the 5’ end of the gene specifically on ma- 
ternal alleles in the endosperm, a region annotated 
as overlapping the remnant of a Helitron trans- 
posable element (Fig. 4C). HDG& is also primarily, 
but not exclusively, expressed from the maternal al- 
lele (Fig. 4A and SOM text). HDG3 is reciprocally 
imprinted; expression is predominantly paternal 
(Fig. 4B and SOM text). Methylation is lost from 
maternal alleles on a 1.4-kb Helitron remnant that 
begins 100 bp 5’ of the gene (Fig. 4D). We confirmed 
allele-specific expression of two other genes in the 
endosperm: the ATMYB3R2 transcription factor, 
which is maternally expressed, and AT5G62110, a 
gene annotated as containing a homeodomain-like 
domain, which is predominantly paternally ex- 
pressed (Fig. 4 and SOM text). 

We tested several other genes that were less 
methylated in the endosperm than embryo for im- 
printing (table S6). CYCA1;1 is a differentially 
methylated A-type cyclin that exhibits endosperm- 
preferred expression but is also expressed at many 
other stages of development (fig. S8C). It is bi- 


allelically expressed in the endosperm. All of the 
differentially methylated genes with endosperm- 
preferred expression that were not imprinted were 
expressed in other tissues throughout development, 
whereas the five genes with top positive DMRs 
that we confirmed as imprinted were expressed at 
very low levels or not at all in other tissues (fig. S9). 
This suggests that genes with low levels of expres- 
sion in other plant tissues require loss of methylation 
for gene expression in the endosperm. Thus, the best 
candidates for imprinted genes are those that are less 
methylated in the endosperm than embryo, exhibit 
endosperm-preferred expression (/6), and are ex- 
pressed at low levels in other parts of the plant 
(table S7). On the basis of these considerations, we 
estimate that there are ~SO imprinted genes in 
Arabidopsis. Gene ontology analysis of molecular 
function indicates that these genes are enriched 
in what is termed “DNA or RNA binding,” which 
includes transcription factors and genes with 
chromatin-related functions (fig. S9). 

Our identification and verification of five pre- 
viously unknown imprinted genes, all of which 
are flanked by repetitive elements or harbor them 
in coding sequences, doubles the number of known 
imprinted genes in Arabidopsis. Four of the 10 im- 
printed genes are class [V homeodomain transcrip- 
tion factors, which offers the opportunity to study 
the evolution of imprinting (SOM text). Our re- 
sults support the theory that imprinting arose as a 
byproduct of silencing invading foreign DNA (8). 
Transposable elements (TEs) have demonstrated 
toxic effects on genomes, but they are also a source 
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of genetic and epigenetic material that can be uti- 
lized by the host (/9). Insertion of a TE near a gene 
will have little functional impact in most instances, 
and strongly deleterious TE insertions will be se- 
lected against. However, a subset of genes, perhaps 
depending on promoter strength, is susceptible to 
epigenetic regulation by TEs. Regulation of gene 
expression by means of DNA methylation could 
be selected for if imprinting of these genes is adapt- 
ive in the context of parental conflict or gene dosage 
balance in the triploid endosperm. 
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Genome-Wide Demethylation of 
Arabidopsis Endosperm 


Tzung-Fu Hsieh,* Christian A. Ibarra,* Pedro Silva,* Assaf Zemach, Leor Eshed-Williams, 


Robert L. Fischer,t Daniel Zilbermant 


Parent-of-origin-specific (imprinted) gene expression is regulated in Arabidopsis thaliana 
endosperm by cytosine demethylation of the maternal genome mediated by the DNA glycosylase 
DEMETER, but the extent of the methylation changes is not known. Here, we show that 

virtually the entire endosperm genome is demethylated, coupled with extensive local non-CG 
hypermethylation of small interfering RNA—targeted sequences. Mutation of DEMETER partially 
restores endosperm CG methylation to levels found in other tissues, indicating that CG 
demethylation is specific to maternal sequences. Endosperm demethylation is accompanied by 
CHH hypermethylation of embryo transposable elements. Our findings demonstrate extensive 
reconfiguration of the endosperm methylation landscape that likely reinforces transposon 


silencing in the embryo. 


ene imprinting, the differential expression 
(F" alleles of the same gene depending on 

parent-of-origin, independently evolved in 
mammals and in flowering plants (/). Imprinting 
occurs in the placenta of mammals and the endo- 
sperm of plants, structures that nourish the devel- 
oping embryo. Maternal allele expression in the 
central cell, the diploid maternal plant cell that is 
fertilized to give rise to the triploid endosperm, is 
activated by the DEMETER (DME) DNA glyco- 
sylase, which excises 5-methylcytosine, resulting 
in imprinted expression of several genes in the 
endosperm (2-8). Although important for imprint- 
ing, DNA methylation in flowering plants primar- 
ily silences transposons, retrotransposons, and 
repeated sequences (9). In addition to methylation 
in the CG sequence context, plant DNA methyla- 
tion occurs at CHG (H is A, C or T) and CHH sites, 
with CHH and to a lesser extent CHG methylation 
mediated through active targeting by RNA inter- 
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ference (RNAi) machinery (9). Arabidopsis gene 
bodies are commonly methylated in the CG con- 
text, whereas all types of methylation are present in 
repeats (/0, 11). A given CG site is generally meth- 
ylated over 80% or not at all, whereas methylation 
of a CHG site is typically 30 to 80%, and methyla- 
tion of a CHH site tends to be below 30% (10, 17). 
To determine the methylation landscape during 
Arabidopsis seed development, we isolated DNA 
from wild-type embryos, wild-type endosperm, endo- 
sperm from seeds with a defective maternal allele 
of DME, and adult aerial tissues, and used the IIlu- 
mina Genome Analyzer platform to quantify DNA 
methylation by high-throughput bisulfite se- 
quencing (/0-—/2) (bisulfite treatment converts un- 
methylated cytosine to uracil) (fig. $1). We aligned 
2.5 billion bases for embryo, 2.2 billion bases for 
wild-type endosperm, 2.0 billion bases for dme 
endosperm, and 1.5 billion bases for aerial tissues, 
which corresponds to 21-fold, 18-fold, 16-fold, and 
13-fold coverage of the Arabidopsis nuclear 
genome, respectively (/3) (table S1). Our aerial tis- 
sue results closely matched previously published 
bisulfite sequencing data (table S2 and fig. S2). 
Bulk methylation in wild-type endosperm 
(20.9% CG, 8.9% CHG, 2.8% CHH) was lower 


in all sequence contexts compared with the em- 
bryo (26.9% CG, 10.6% CHG, and 4.4% CHH) 
(Fig. 1 and fig. S3). CG methylation was reduced 
in both gene bodies and repeats (Fig. 1, A and 
B) and was partially restored in dme endosperm 
(23.1%). In the developing seed, DME is expressed 
only in the central cell before fertilization (2), in- 
dicating that we were primarily detecting demeth- 
ylation of the maternal endosperm genome. In 
contrast to CG methylation, CHG methylation 
was decreased (8.9% to 5.8%) in dme endosperm 
(Fig. 1, C and D), whereas CHH methylation was 
reduced by a factor of 3.5 (2.8% to 0.8%) (Fig. 1, 
E and F). CG and CHG methylation in aerial 
tissues (25.7% and 9.4%, respectively) was some- 
what lower than in embryos, and aerial CHH 
methylation (2.3%) was half of that found in em- 
bryos and even lower than that of endosperm 
(Fig. 1), indicating that small interfernmg RNA 
(siRNA)-mediated DNA methylation is enhanced 
in the seed. Reduced non-CG methylation in dme 
endosperm suggests that DME activity is neces- 
sary for up-regulating RNAi-mediated methyla- 
tion, perhaps through activation of transposable 
elements by DNA demethylation. 

To identify sequences that are differentially 
methylated in the endosperm compared with the 
embryo, we calculated fractional methylation in 
each context within 50 base pair (bp) windows and 
subtracted endosperm methylation from embryo 
methylation. We identified 36,749 discreet loci cor- 
responding to 10.33 million bp with an absolute 
change in CG methylation of at least 10% (P < 
0.0001, Fisher’s exact test), 99.4% of which (36,534) 
were more methylated in embryo (table S3). Using 
the same criteria, we found 5694 loci (2.87 million 
bp) with a change in CHG methylation, 91.3% of 
which (5200) were more methylated in embryo 
(table S3). We also identified 9749 loci (17.98 mil- 
lion bp) with an absolute change in CHH meth- 
ylation of at least 5% (P < 0.0001, Fisher’s exact 
test), 89.9% of which (8760) were more methylated 
in embryo (table S3). Although the above values 
represent a substantial underestimate, they provide 
a clear indication of the extent of methylation 
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differences between embryo and endosperm. 
Notably, ~10% of identified loci were hypermeth- 
ylated at CHG and CHH sites in the endosperm, 
compared with <1% hypermethylated at CG sites. 
Moreover, non-CG hypermethylated loci were 
strongly enriched in siRNAs (/3) (Fig. 2A), further 
indicating that RNAi drives a substantial re- 
configuration of the seed methylation landscape. 
To determine how methylation changes in the 
endosperm affect gene expression, we identified 
genes with reduced DNA methylation (at a cutoff 
of P< 1 x 10’) within 1 kb of either the 5’ or 3’ 
end and compared their gene expression between 
endosperm and embryo based on available micro- 
array data (/3) (table S4) (genes demethylated 
near both ends were analyzed in the 5’ category). 
Genes exhibiting reduced methylation upstream 
of the start of transcription were preferentially 
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expressed in the endosperm to a modest but sig- 
nificant degree (P = 0.0005, Wilcoxon rank-sum 
test) (Fig. 2B), whereas genes demethylated 
near the 3’ end did not show a significant change 
in expression (P= 0.33). Reduced methylation of 
the maternal endosperm genome has been impli- 
cated in allele-specific expression of all five known 
Arabidopsis imprinted genes (3, 5-8), so genes 
with reduced methylation and greater expression in 
endosperm than embryo are potentially imprinted. 

To visualize methylation differences between 
tissues, we plotted the distribution density of win- 
dows for wild-type endosperm subtracted from 
embryo (Fig. 3, A to C, blue trace), dme endosperm 
subtracted from embryo (Fig. 3, A to C, red trace), 
and aerial tissues subtracted from embryo (fig. S4), 
showing only those windows that were methylated 
in at least one of the tissues being compared (/3). 
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We also aligned all Arabidopsis annotated genes, 
which include some pseudogenes and transposable 
elements, at their 5’ ends, stacked them from the top 
of chromosome | to the bottom of chromosome 5, 
and displayed fractional embryo methylation (left 
panels of Fig. 3, D and E) and the difference be- 
tween embryo and wild-type endosperm methyla- 
tion (right panels of Fig. 3, D and E) as heat maps. 
We performed a similar analysis for annotated trans- 
posons and other repeats (fig. S5). Virtually all se- 
quences methylated in embryo in the CG context 
were less methylated in the endosperm (Fig. 3A). 
Gene bodies, gene adjacent sequences, and trans- 
posable elements were all similarly demethylated 
(Fig. 1, A and B, Fig. 3D, and figs. S5 and S6), with 
transposons demethylated to a somewhat greater 
extent than genes and shorter transposons on aver- 
age demethylated more than longer ones (fig. S6). 


WT endosperm 


of —-5 


-2 -1 0 1 


kb 


gene (positive numbers). Embryo methylation is represented by the red trace, 
wild-type (WT) endosperm by the blue trace, dme endosperm by the green 
trace, and aerial tissues by the black trace. The dashed line at zero represents 
the point of alignment. CG methylation is shown in (A) and (B), CHG in (C) and 
(D), CHH in (E) and (F). 


Fig. 1. Profiles of DNA methylation in embryo, wild-type endosperm, and 
dme endosperm. (A to F) TAIR8-annotated genes [(A), (C), and (E)] or trans- 
posons [(B), (D), and (F)] were aligned at the 5’ end (left panel) or the 3’ end 
(right panel), and average methylation levels for each 100-bp interval are 
plotted from 2 kb away from the gene (negative numbers) to 4 kb into the 
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CHG and CHH methylation of most sequences 
was also higher in embryo (Fig. 1, C to F; Fig. 3, B, 
C, and E; and fig. S5). The dme mutation uniformly 
restored CG methylation, while uniformly reducing 
CHG and CHH methylation (Fig. 1 and Fig. 3, A 
to C). Methylation in all contexts was higher in 
embryo than in aerial tissues (Fig. 1 and fig. S4), 
with particularly extensive CHH hypermethylation: 
We identified 10,858 loci covering 21.88 million bp 


Fig. 2. Associations be- A 
tween endosperm methyla- 
tion, siRNAs, and expression. 
(A) Box plots showing siRNA 
abundance within 50-bp win- 
dows in the entire Arabidopsis 
genome (All) and in sequences 
hypermethylated in WT endo- 
sperm compared with the em- 
bryo in the CHG and CHH 
contexts. (B) Box plots show- 
ing differences in gene ex- 
pression between embryo and 
endosperm for all genes (n = 
21,021), genes with 5’ hypo- 
methylation in endosperm 
(n = 1097), and genes with 
3’ hypomethylation in endo- a 
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with an absolute change in CHH methylation of at 
least 5% (P< 0.0001, Fisher’s exact test), 96.8% 
of which (10,510) were more methylated in embryo 
(table S3). Virtually, genome-wide CG demeth- 
ylation of the maternal endosperm genome is thus 
accompanied by similarly extensive CHH hyper- 
methylation in the embryo. 

We investigated the source of the substantial 
non-CG hypermethylation in wild-type endosperm 
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compared with the embryo (table S3) by examining 
methylation differences between embryo and dme 
endosperm of sequences that were more methylated 
in wild-type endosperm than in embryo (Fig. 3, B 
and C, green trace). If endosperm hypermethylation 
were random, we would expect to see no correla- 
tion between hypermethylation in wild-type and 
dme endosperm. Our analysis showed that for both 
CHG and CHH contexts, loci hypermethylated in 


encloses the middle 50% All 
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horizontal line marking the 
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median and the dot marking the mean. The lines extending from each box mark the minimum and maximum values that fall within 1.5 times the height of the box. 


Fig. 3. Genome-wide demeth- A 
ylation of endosperm. (A to C) 

Kernel density plots of the differ-  *° 
ences between embryo and WT 
endosperm methylation (blue 
trace) and the differences be- 
tween embryo and dme endo- 
sperm methylation (red trace). 
The green trace in (B) and (C) 
represents methylation differ- 
ences between embryo and dme 
endosperm for windows with 
absolute fractional methylation 
increase in WT endosperm com- 
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wild-type endosperm had a strong tendency to be 
hypermethylated in dme endosperm as well (Fig. 3, 
Band C, green trace), despite the overall reduction 
of non-CG methylation caused by the dme muta- 
tion. Endosperm hypermethylation is thus a highly 
specific, RNAi-targeted process. 

We calculated methylation levels of sequences 
either known or strongly inferred to cause imprinted 
expression of five Arabidopsis genes (3, 5—8): the 
MEA 3' repeats, the FWA promoter and start of 
transcription, the FZS2 promoter, the PHE/ 3’ re- 
peats, and the MPC gene and flanking regions 
(Fig. 3, A to C, and table $2). MEA methylation 
was reduced from 88% CG, 39% CHG, and 42% 
CHH in embryo to 63% CG, 16% CHG, and 17% 
CHH in wild-type endosperm. MEA CG methyla- 
tion was restored to 87% in dme endosperm, 
whereas CHG (13%) and CHH (8%) methylation 
was further reduced. The other four genes behaved 
similarly (Fig. 3, A to C, and table $2), in line with 
the overall trends. Imprinted genes are thus not ex- 
ceptional sequences specifically targeted for de- 
methylation in the central cell but rather part of 
a nearly universal process that reshapes DNA 
methylation of the entire maternal genome in the 
endosperm (/4). Imprinted expression of genes 
regulated by allele-specific DNA methylation 
could potentially arise whenever a transposable 
element insertion or a local duplication near a 
gene’s regulatory sequences induces methyla- 
tion and gene silencing in other tissues, includ- 
ing the paternal endosperm genome. 


Genomic imprinting is a fast-evolving process 
driven by genetic conflict between parents (/). In 
mammals, which exhibit virtually global CG meth- 
ylation (/5), imprinting 1s orchestrated in part by 
differential methylation of specific sequences in the 
gametes (16). Arabidopsis, which targets methylation 
primarily to transposable elements (9), apparently 
adapted a radical implementation of imprinting 
by partially suspending its transposon suppression 
system and globally demethylating central cell 
DNA, resulting in a hypomethylated maternal endo- 
sperm genome. Because the endosperm genome 
is not transmitted to the next generation, transient 
transposon activation is likely to carry a fairly low 
cost, especially in an organism with few functional 
transposons, like Arabidopsis. Transposon activa- 
tion and siRNA accumulation in the central cell 
might actually contribute to enhanced methylation 
and silencing of elements in the egg cell (and later 
the embryo) through siRNA transport (77), which 
could be the original selective force driving the 
evolution of central cell demethylation. An analo- 
gous mechanism has recently been proposed to 
operate between the vegetative and reproductive 
cells of pollen (/8). It is an open question whether 
other plants, particularly those with more aggres- 
sive transposable elements, have adopted a similar 
strategy. 
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Hyper-Recombination, Diversity, 
and Antibiotic Resistance 


in Pheumococcus 


William Paul Hanage,’* Christophe Fraser,* Jing Tang,” 


Thomas Richard Connor, Jukka Corander” 


Streptococcus pneumoniae is a pathogen of global importance that frequently transfers genetic 
material between strains and on occasion across species boundaries. In an analysis of 1930 
pneumococcal genotypes from six housekeeping genes and 94 genotypes from related species, we 
identified mosaic genotypes representing admixture between populations and found that these 
were significantly associated with resistance to several classes of antibiotics. We hypothesize that 
these observations result from a history of hyper-recombination, which means that these strains 
are more likely to acquire both divergent genetic material and resistance determinants. This could 
have consequences for the reemergence of drug resistance after pneumococcal vaccination and 
also for our understanding of diversification and speciation in recombinogenic bacteria. 


any bacteria undergo homologous re- 
Mees in which short tracts of 

DNA in the recipient are replaced by 
the corresponding tract from a donor strain, re- 
sulting in a mosaic of DNA from different an- 
cestors (/). Although this occurs mainly within 
species and declines markedly with increasing 
sequence divergence between donor and recipi- 
ent (2), occasional gene transfers between species 


do occur. Such events have the potential to intro- 
duce new phenotypes, such as virulence or anti- 
biotic resistance, into a new genetic background 
that may or may not be the same as the species of 
the donor strain (3-7) and may have considerable 
impacts on bacterial evolution and human health. 
One group in which homologous recombina- 
tion is frequent is the mitis group streptococci. This 
includes the major human pathogen Streptococcus 


pneumoniae, the pneumococcus, which is respon- 
sible for at least 1 million deaths per year worldwide 
(8). The closely related species S. oralis, S. mitis, 
and S. pseudopneumoniae (among others) have a 
history of taxonomic confusion, which may be 
partly explained by genetic diversity within the mitis 
group (9, 10). Moreover, rare but important events 
have led to the acquisition of antibiotic resistance by 
pneumococcus as a result of the transfer of resist- 
ance determinants across species boundaries (4, 5). 
The high rates of recombination within the species 
have the potential to shuffle resistance determinants 
among pneumococcal genotypes. It is not known 
whether or not recombination, either at resistance 
loci or housekeeping genes, is equally likely for all 
members of the species or whether some strains are 
more likely to be involved in this process. 
Although a vaccine is available for 7 of the 
more than 90 pneumococcal serotypes, this has 
not eliminated pneumococcal disease because the 
nonvaccine serotypes derive an ecological advan- 
tage from the removal of their competitors and 
have been increasing in carriage prevalence (//) 
and, concomitantly, in disease (/2). Alongside 
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this, we are observing the expansion of existing 
antibiotic-resistant clones with nonvaccine sero- 
types and the possible emergence of new ones 
(13, 14). 

Multilocus sequence typing (MLST) (/5) 
supplies genetic data to study recombination and 
population structure in the pneumococcal popula- 
tion. MLST characterizes an isolate by sequencing 
internal fragments of seven housekeeping genes. 
Together these define the sequence type (ST) of 
the isolate, which may readily be compared to 
others through the MLST database (/6 ). This con- 
tains sequence data from many thousands of iso- 
lates reported by the global community of MLST 
users. It also contains associated epidemiological 
data including serotype and antibiotic resistance. 
We have previously published the sequences of 
MLST loci from multiple isolates of related spe- 
cies, allowing us to study recombination between 
them and the pneumococcus (9). The ddl locus 
used in MLST for pneumococcus is associated 
with a high frequency of interspecies gene transfer 
because of physical linkage with the penicillin bind- 
ing protein (PBP) 2b locus (17), at which alleles 
containing DNA originating in other species lead to 
penicillin resistance. Because the linkage could 
bias any estimates of admixture, we have excluded 
this locus from the following analysis. Once the 
ddl \ocus is removed, the data set consists of 1930 
distinct genotypes of S. pneumoniae, along with 40 
identified as S. mitis, 39 S. pseudopneumoniae, and 
15 S. oralis (9). 

To identify populations and rates of admixture 
between them, we used the program Bayesian 
Analysis of Population Structure [BAPS (/8—20)]. 
This program, freely available online (2/), imple- 
ments several models to identify clusters char- 
acterized by different allele frequencies within a 
population characterized by multilocus DNA se- 
quences. Furthermore, cases of likely admixture, 
that is, isolates containing a DNA sequence char- 
acteristic of more than one population as a result 
of recombination, can be identified (22). 

The results of the analysis of the streptococcal 
data set are summarized in Table 1 and Fig. 1 [and 
presented in more detail in (22)]. In total, six clus- 
ters were identified, three of which corresponded 
to the nonpneumococcal species (Table 1). The 
remaining three clusters (1, 2, and 4) represent 
subpopulations of the pneumococcus as defined 
within the BAPS analysis. Figure 1A shows the 
admixture graphic, in which each unique geno- 
type is represented by a column, colored accord- 
ing to the proportion of sequence assigned to each 
cluster. For clusters 1 and 2, the vast majority of 
genotypes were characteristic of only one cluster. 
The reverse was true of cluster 4, which was most- 
ly composed of mosaics. In Fig. 1B, which dis- 
plays the clustering of these groups by using a 
phylogenetic tree, this is evident in the scattering of 
cluster 4 genotypes around the pneumococcal clus- 
ter. Two anomalous genotypes were evident and 
are indicated in Fig. 1B: one assigned to cluster 4 
arising from the branch leading to S. pseudop- 
neumoniae and S. mitis (this is ST 1705 and is a 
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pneumococcal strain containing multiple diver- 
gent alleles) and another highly divergent geno- 
type assigned to cluster 3 at the end of a long 
branch arising from within the S. pneumoniae 
cluster. This strain [TOKOR 484 as described in 
(23)] was previously considered to be an example of 
S. pseudopneumoniae but in this analysis clustered 
with S. mitis strains. These illustrate the difficulty 
of assigning strains to species in such recombi- 
nant taxa. 

We estimated the relative amounts of admix- 
ture between the clusters (22) (Fig. 2). This esti- 
mate shows cluster 4 to be a recipient of genetic 
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fied alleles that are divergent from typical pneu- 
mococcal alleles and are more similar to those 
found in related species. Of 93 individual geno- 
types containing alleles that cluster with nonpneu- 
mococcal species (22), all but one were found in 
cluster 4. 

The atypical genotypes in cluster 4 reflect a 
history of recombination; hence, we examined 
the association between cluster 4 and antibiotic 
resistance. We used 3732 records deposited in the 
MLST database, which supplied the input data 
for the BAPS analysis and contains data on re- 
sistance to penicillin, erythromycin, tetracycline, 


information from the other clusters and other 
species. Hence for individual loci, we identi- 


chloramphenicol, and cefotaxime. We categorized 
an isolate as nonsusceptible if it was recorded as 


Table 1. Association between named species and BAPS cluster. Blank fields indicate that no strains 
in the relevant cluster were identified as that species. 


BAPS cluster 


1 2 3 4 5 6 
S. pneumoniae 753 809 368 
S. pseudopneumoniae 1 39 
S. mitis 39 
S. oralis 15 


S. pneumoniae 


\ 


, @ -— IOKOR 484 


@-+— ST 1705 


a 5). 


Fig. 1. (A) Admixture analysis of 2024 distinct streptococcal 
genotypes. Each column represents a single multilocus geno- 
type, colored according to the proportion of genetic variation 
assigned to each cluster. The final cluster assignment is shown ® 
by the color of the line underneath. For example, a solid red 
column signifies a genotype for which 100% of the sequence 
was characteristic of group 1. Note that the variation char- 
acteristic of a cluster is not necessarily contiguous in the 
concatenated sequences used in the analysis. The relationships 
between the groups and named species are presented in Table 1. 
Group 4 strains are composed of a high proportion of mosaics. (B) 
Minimum evolution tree constructed by using MEGA4 (28) from 
concatenates of S. pneumoniae strains and related species as 
described in the text. The optimal tree is shown with distances 
computed by using the Kimura two-parameter method. Taxa are 
colored by BAPS group according to the same scheme used in (A). 
The relationships between BAPS clusters and named species are 
indicated and are presented in Table 1. The positions of the 
anomalous strains ST 1705 and IOKOR 484 are indicated. 
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Fig. 2. Admixture between the clusters illustrated in Fig. 1. Arrows indicate the average fraction of 
sequence variation obtained from the source cluster by the strains assigned to the target cluster. 
Circular loops indicate the fraction of variation estimated as not arising from outside the cluster. 
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Fig. 3. ORs showing the association between BAPS cluster and nonsusceptibility to five antibiotics. 
ORs were calculated relative to all other clusters as described in the text. Error bars indicate 95% 
confidence intervals. 


having a minimal inhibitory concentration (MIC) 
greater than the breakpoint for susceptibility ac- 
cording to British Society for Antimicrobial Chemo- 
therapy or if it was recorded as resistant or of 
intermediate resistance [i.e., nonsusceptible in 
accordance with customary usage (22)]. 

Odds ratios (ORs) for the association of re- 
sistance with the clusters inferred by BAPS showed 
(Fig. 3) a significant association with cluster 4 
and a negative relationship with cluster 1. Cluster 
2 is intermediate in all cases except for chloram- 
phenicol. This may be linked to the fact that clus- 
ter 2 contains a high proportion of strains with 
serotypes included in current conjugate vaccine 
formulations (Table 2). These serotypes have been 
previously known to be associated with resist- 
ance, and their removal after vaccination has led 
to a decline in resistance (/4). In contrast, cluster 4 
shows no association with these serotypes. The 
association between cluster 4 and nonsuscepti- 
bility is also robust to different criteria for associat- 
ing genotypes with resistance (22). 

The reasons cluster 4 associated with both 
resistance and mosaicism are unclear. Resistance 
to the different antibiotics may arise by the acqui- 
sition of additional loci (such as efflux pumps in 
the case of erythromycin resistance) as well as 
gene conversion—like processes (e.g., homologous 
recombination at PBP loci for B-lactam nonsus- 
ceptibility). Both involve the acquisition of DNA 
from other lineages. We have considered the pos- 
sibility that this result could be a consequence of 
reverse causation: Resistance leads to strains, for 
some reason, being more likely to be grouped in 
cluster 4. However, any artifactual association be- 
tween this cluster and antibiotic resistance seems 
very unlikely given that the BAPS classification and 
resistance phenotype are based on unlinked loci. 

We hypothesize that cluster 4 is an amalgam 
of strains with a history of hyper-recombination, 
which leads to them being grouped together by 
BAPS because they share anomalous DNA se- 
quences. By having a history of hyper-recombination, 
such strains are more likely to accept divergent DNA, 
both at housekeeping and resistance loci, and hence 
more likely to acquire resistance and housekeeping 
gene sequences from distantly related pneumococci 
or other species. 

Within many bacterial populations and in 
particular those under strong antibiotic selective 
pressure, we can identify strains with an elevated 
mutation rate (24) usually through defects in the 
mismatch repair (MMR) system. In certain con- 
texts [e.g., the cystic fibrotic lung (25)], it is thought 
that second-order selection on the resistant strains 
that arise in the mutator lineages leads to strains 
with a mutator phenotype being more common 
than predicted (26). However, the relationship be- 
tween elevated recombination and antibiotic resist- 
ance is not well understood. Elevated mutation 
and/or recombination rates should carry a fitness 
cost, and as a result a high rate of reversion to wild 
type is predicted, possibly by horizontal acquisition 
of wild-type MMR genes, as has been proposed for 
hypermutators in Escherichia coli (27). 
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Table 2. Associations between pneumococcal isolates with vaccine serotypes and BAPS clusters. The 
vaccine serotypes are those present in the seven valent pneumococcal vaccines (4, 6B, 9V, 14, 18C, 19F, 
and 23F), and all records present in the MLST database at the time of BAPS analysis were used to estimate 
ORs. Reestimation using records entered into the database since the initial analysis did not substantially 
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alter the results (22). 


Cluster Vaccine serotypes Totals ORs 95% Confidence intervals 
1 604 1357 0.54 0.475 to 0.622 
2 1027 1645 1.87 1.639 to 2.133 
4 378 730 0.90 0.768 to 1.061 


Through analysis of MLST data collected for 
epidemiological purposes, we have identified pneu- 
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Pancreatic ductal adenocarcinoma (PDA) is among the most lethal human cancers in part 
because it is insensitive to many chemotherapeutic drugs. Studying a mouse model of PDA that 
is refractory to the clinically used drug gemcitabine, we found that the tumors in this model 
were poorly perfused and poorly vascularized, properties that are shared with human PDA. We 
tested whether the delivery and efficacy of gemcitabine in the mice could be improved by 
coadministration of IPI-926, a drug that depletes tumor-associated stromal tissue by inhibition 
of the Hedgehog cellular signaling pathway. The combination therapy produced a transient 
increase in intratumoral vascular density and intratumoral concentration of gemcitabine, 
leading to transient stabilization of disease. Thus, inefficient drug delivery may be an important 
contributor to chemoresistance in pancreatic cancer. 
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(J-3). Oncology drug development relies heav- 
ily on mouse models bearing transplanted tu- 
mors for efficacy testing of agents. However, such 
models of PDA respond to numerous chemo- 
therapeutic agents, including gemcitabine (4—9), 
which suggests that their predictive utility may be 
limited. Genetically engineered mouse models of 
PDA offer an alternative to transplantation mod- 
els for preclinical therapeutic evaluation. We have 
previously described KPC mice, which conditional- 
ly express endogenous mutant Kras and p53 al- 
leles in pancreatic cells (/0) and develop pancreatic 
tumors whose pathophysiological and molecu- 
lar features resemble those of human PDA (//). 
Here, we have used the KPC mice to investigate 
why PDA is insensitive to chemotherapy. 

We first compared the effect of gemcitabine 
on the growth of pancreatic tumors in four mouse 
models: the KPC mice and three distinct tumor 
transplantation models (/2, 13). Gemcitabine in- 
hibited the growth of all transplanted tumors, irre- 
spective of their human or mouse origin (Fig. 1A), 
but did not induce apoptosis (Fig. 1B). Rather, 
proliferation was substantially reduced in all trans- 
planted tumors (fig. S1A). In contrast, most tu- 
mors (15 of 17 tumors) in gemcitabine-treated KPC 
mice showed the same growth rate as in saline- 
treated controls (Fig. 1C). This is consistent with 
clinical results in which only 5 to 10% of patients 
treated with gemcitabine demonstrate an objective 
radiographic response at the primary tumor site 
(3). Two KPC tumors demonstrated a transient 
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response as detected by high-resolution ultrasound 
(73), which correlated with high levels of apoptosis 
(Fig. 1D and fig S1). Additionally, proliferation 
was diminished in gemcitabine-treated KPC tu- 
mors shortly after treatment but to a lesser extent 
than in transplantation models (fig. S1). 

Transplantation of low-passage cells derived 
from KPC tumors yielded subcutaneous tumors 
that were sensitive to gemcitabine treatment 
(Fig. 1A, syngeneics), suggesting that innate 
cellular differences are unlikely to explain the 
chemoresistance of KPC tumors. We therefore 
assessed the metabolism of gemcitabine [2’,2’- 
difluorodeoxycytidine (dFdC)] to its active, in- 
tracellular metabolite, gemcitabine triphosphate 
[2',2’-difluorodeoxycytidine triphosphate, (dFdCTP)], 
by means of high pressure liquid chromatography 
(HPLC). Consistent with the results of clinical 
studies (/4), circulating gemcitabine in wild-type 
mice was rapidly deaminated to its inactive me- 
tabolite, 2'2'-difluorodeoxyuridine (dFdU), re- 
sulting in a short half-life for gemcitabine (fig. 
S2, A and B). dFdCTP was present in transplanted 
tumor tissues and control tissues, but was unde- 
tectable in KPC tumors (table S1). Thus, dFdCTP 
accumulation in pancreatic tumor tissue distin- 
guished transplantation and KPC models of 
PDA and correlated with the responsiveness to 
gemcitabine. Changes in the expression of genes 
involved in gemcitabine transport are unlikely to 
explain the difference in gemcitabine accumula- 
tion in transplanted and KPC pancreatic tumors 
(fig. S2, C and D). 

Impaired drug delivery is another possible 
mechanism of chemoresistance (/5, 16). We in- 
vestigated drug delivery by characterizing tumor 
perfusion in each model. First, we delineated 
functional vasculature through the intravenous 
infusion of a plant lectin (Lycopersicon esculentum) 
in anesthetized mice; we followed this with the 
coimmunofluorescent detection of blood vessels 
in harvested tissues using an antibody to CD31 
(fig. S3). We found that transplanted tumors dem- 
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onstrated a patent vasculature, whereas KPC tu- 
mors had a dysfunctional vasculature. Indeed, 
only 32% of CD31" blood vessels in KPC tumors 
were labeled with lectin as compared with 78 
and 100% of vessels in transplanted tumors and 
normal pancreas, respectively. Second, to eval- 
uate whether intravascular delivery and penetra- 
tion of small-molecule drugs is impeded in KPC 
tumors, we intravenously coadministered lectin 
with the autofluorescent drug doxorubicin (Fig. 2, 
A and B, and fig. S4) (77). Confocal microscopy 
revealed a marked decrease in doxorubicin de- 
livery to KPC pancreatic tumors as compared 
with adjacent control tissues and transplanted tu- 
mors, confirming an inefficient drug delivery over 
a short time course. Third, using high-resolution 
contrast ultrasound we found that the delivery of 
gas-filled liposomes (microbubbles with a mean 
diameter of 2.6 um) was more efficient in trans- 
planted tumors than in KPC tumors (Fig. 2, C and D, 
and fig. S5). Finally, we performed dynamic con- 
trast enhanced magnetic resonance imaging (DCE- 
MRI) on transplanted and KPC tumors (Fig. 2, E 
and F, and fig. S6). After administration of the con- 
trast agent gadolinium-diethyltriaminepentaacetic 
acid (Gd-DTPA), we observed substantial signal 
enhancement in the periphery of transplanted tu- 
mors, whereas the tumor cores exhibited a varia- 
ble heterogeneous pattern of enhancement, which 
is consistent with the central necrosis observed in 
histological sections (fig. S6C). In contrast, we 
observed efficient delivery of Gd-DTPA to the 
tissues surrounding KPC tumors with little or no 
signal enhancement within the tumor body, despite 
little necrosis in these tumors (fig S6D). Collect- 
ively, these results suggest that drug delivery is 
impaired in KPC pancreatic tumors. 

We next investigated the vascular content and 
tissue architecture in transplanted and KPC tumors. 
The viable (peripheral) portions of transplanted tu- 
mors were densely vascularized (fig. S7A), and 
neoplastic cells made direct contact with blood 
vessels (Fig. 3A). In contrast, blood vessel density 
was markedly decreased within the parenchyma of 
KPC and human pancreatic tumors, and vessels 
were embedded within the prominent stromal 
matrix that is characteristic of these tumors and of 
primary human ductal pancreatic cancer (Fig. 3, 
B to D, and figs. S7 and S8). Neoplastic cells 
in both KPC and human pancreatic tumors were 
widely spaced from blood vessels as compared 
with those in transplanted tumors, reflecting these 
differences in stromal content (Fig. 3E). Using 
computer-aided image analysis, we confirmed the 
paucity of vasculature in an independent cohort 
of 18 human PDA specimens as compared with 
normal pancreatic tissues and chronic pancreatitis 
(CP) samples (Fig. 3F and fig S9). Our findings 
demonstrate that increased vascular content is not 
a prerequisite for ductal pancreatic cancer pro- 
gression and suggest that the hypovascularity and 
vascular architecture of PDA tumors may impose 
an additional limitation to therapeutic delivery. 

We hypothesized that disrupting the stroma of 
pancreatic tumors might alter the vascular network 


and thereby facilitate the delivery of chemothera- 
peutic agents. We studied an inhibitor of the hedge- 
hog (Hh) pathway because paracrine Hh signaling 
from neoplastic cells to stromal cells promotes stro- 
mal desmoplasia (/8, 19). Binding of Hh ligands 
to the Patched! receptor relieves repression of the 
12-transmembrane protein Smoothened (Smo), re- 
sulting in activation of the Gli family of transcrip- 
tion factors. Although Sonic Hedgehog (Shh) is 
overexpressed in the neoplastic cells of both human 
(20) and KPC (/0) pancreatic tumors, Gli activ- 
ity is restricted to the stromal compartment (2/). 

IPI-926 is a semisynthetic derivative of cyclo- 
pamine (the chemical structure is shown in fig. 
S10) that potently inhibits Smo (ECsy) = 7nM) 
with a long half-life (10.5 hours in CD1 mice) 
and a high volume of distribution (11 L/kg in CD1 
mice). The detailed characterization of IPI-926 
in cell-based and in vitro assays will be published 
separately. Daily oral administration of 40mg/kg 
of IPI-926 to KPC mice resulted in a measurable 
accumulation of drug in PDA tissues (fig. S11A) 
and a significant decrease in the expression of 
Glil, a transcriptional target of the Hh pathway (fig. 
S11B). The effects of Smo inhibition on tumor 
histopathology and perfusion were investigated 
in KPC mice after 8 to 12 days of treatment with 
IPI-926 or gemcitabine, alone or in combination 
(IPI-926/gem). In contrast to mice treated with 
vehicle or gemcitabine, which exhibited profuse 
desmoplastic tumor stroma, mice treated with IPI- 
926 or IPI-926/gem were depleted of desmoplastic 
stroma, resulting in densely packed ductal tumor 
cells (fig. S12, A to D). The effect of Smo inhi- 
bition on the stroma was also evidenced by a 
decrease in Collagen I content (fig. $12, E to H). 
These differences were not apparent in mice treated 
for only four days (fig. S13, I to L). However, co- 
immunofluorescence performed on tumors treated 
for four days with vehicle or IPI-926 found a re- 
duced proliferation in o-smooth muscle actin 
(aSMA)-positive stromal myofibroblasts (figs. 
S11C and S13, A and B). This decrease in prolif 
eration was balanced by an increase in proliferation 
of aSMA-negative cells (fig. S11D). 

Smo inhibition also had a profound effect on 
the tumor vasculature, with a significantly higher 
mean vessel density (MVD) noted in the tumors 
from IPI-926-treated mice (Fig. 4A and fig. S14, 
A to D). This effect was most notable in IPI-926/ 
gem treated mice, in which the MVD approxi- 
mated that of normal pancreatic tissue. An in- 
creased CD31 content was also present after 4 
days of treatment (fig. S14, E to H). At this early 
time point, numerous isolated CD31-positive cells 
were noted, which is consistent with the active 
formation of new endothelial precursors after 
Smo inhibition. Indeed, coimmunofluorescence 
for proliferation and endothelial markers con- 
firmed a significant increase in proliferating endo- 
thelial cells after IPI-926 treatment (figs. SI1E 
and S13, C and D). The increased MVD observed 
in IPI-926-treated mice also correlated with a 
more effective delivery of doxorubicin to tumor 
tissues (Fig. 4B and fig. S14, I to L). 
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Fig. 1. Pancreatic tumors in KPC mice are largely resistant 
to gemcitabine. Mice bearing pancreatic tumors were treated 
systemically with gemcitabine (*P < 0.05, Mann-Whitney U 
rank sum test). Solid lines indicate the mean and dashed lines 
indicate the mean without responders. (A) Percent change in 
tumor volume in transplantation models (13) treated with 
saline (blue) or 100 mg/kg gemcitabine, Q3Dx4 (red). (B) 
Gemcitabine treatment did not induce tumor cell apoptosis 
in the transplantation models as measured by immuno- 
histochemistry (IHC) for CC3. (C) Percent change in volume 
of tumors in KPC mice treated with saline (blue), 50 mg/kg, 
or 100 mg/kg of gemcitabine, Q3Dx4 (red). Two of 17 KPC 
tumors responded transiently to gemcitabine, as assessed by 
ultrasonography (yellow). (D) Increased apoptosis was evi- 
dent only in the KPC tumors that transiently responded to the 
drug (yellow). 


Fig. 2. Pancreatic tumors in KPC mice are poorly perfused. 
Direct immunofluorescent detection of plant lectin (red) and 
doxorubicin (green) infused into transplanted (A) and KPC (B) 
tumors, along with hematoxylin and eosin—stained adjacent 
sections (inset). Scale bar, 200 um. Doxorubicin was effec- 
tively delivered to transplanted tumors (n = 5 tumors) but 
poorly delivered to KPC tumors (n = 4 tumors) relative to 
surrounding tissue. Perfusion of microbubbles (green) into 
transplanted (C) and KPC (D) tumors visualized with contrast 
ultrasonography. Transplanted tumors were well perfused (n = 
6 tumors) as compared with KPC tumors (n = 8 tumors). 
Tumors are outlined in yellow. Scale bars, 1 mm. DCE-MRI 
demonstrated increased perfusion and extravasation of 
Gd-DTPA (high delivery is indicated by white or yellow) in (E) 
transplanted tumors (n = 6 tumors) as compared with (F) 
KPC tumors (n = 6 tumors). Tumors are outlined in blue. 
Scale bars, 2 mm. 
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We found that the concentration of gemcitabine 
metabolites in KPC tumors was elevated by 60% 
after 10 days of pretreatment with IPI-926/gem 
(Fig. 4C) (P = 0.04, Mann-Whitney U rank sum 
test). These data suggest that depletion of pan- 
creatic tumor stroma stimulates angiogenesis and 
consequently augments drug delivery. Whole-tissue 
mRNA microarray analysis revealed no significant 
differences in proangiogenic vascular endothelial 
growth factor (VEGF) expression between vehicle 
and IPI-926-treated tumors (table S2). 

We then investigated the effects of Smo in- 
hibition on cell proliferation and apoptosis. Al- 
though IPI-926 alone specifically decreased the 
proliferation of stromal myofibroblasts, it had 
little effect on overall cellular proliferation, which 
is consistent with the finding that conditional Smo 
deletion in pancreatic cells does not alter the pro- 
gression of mutant Kras-induced pancreatic tumors 
(22). IPI-926/gem-treated tumors harbored many 
dead and dying cells as evidenced by a significant 
increase in staining for the apoptotic marker cleaved 
caspase 3 (CC3) (Fig. 4D). 

Lastly, we performed an intervention survival 
study on KPC mice, monitoring tumor volume 
biweekly by means of three-dimensional ultra- 
sonography. KPC mice treated with gemcitabine 
alone or IPI-926 alone showed no survival ben- 
efit in comparison with vehicle-treated controls. 
In contrast, combination treatment with IPI-926/ 
gem extended the median survival of KPC mice 


Fig. 3. Pancreatic tumors in KPC 
mice and humans have diminished 
vascularity. CD31 IHC from trans- 
planted (A), KPC (B), and human 
(C) pancreatic tumors (scale bar, 
20 um). Arrows denote blood ves- 
sels. Neoplastic cells from  trans- 
planted tumors made direct contact 
with blood vessels, whereas those 
in KPC and human tumors were 
more distantly spaced because of 
prominent stroma. (D) MVD was 
measured in KPC tumors (KPC), 
syngeneic autografts (Syn), ortho- 
topic xenografts (Ortho), adjacent 
surrounding tissues in KPC tumors 
(Adj), human pancreatic tumors PD 
(PDA), and normal pancreas from 
mice and humans (Norm). KPC and 
human pancreatic tumors were 
poorly vascularized as compared 
with transplanted tumors and 
normal tissues (*P < 0.004, Mann- 
Whitney U rank sum test). (E) The 
distance separating blood vessels 
and neoplastic cells was significant- 
ly higher in KPC tumors and human 
PDA than in transplanted tumors (P < 
.02, Mann-Whitney U rank sum test). 
(F) Computer-aided image analysis 
of MVD found human pancreatic 
tumors (n = 18 tumors) to be 
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from 11 days to 25 days (P = 0.001, log rank 
test), yielding a hazard ratio of 0.157 + 0.458 
95% confidence interval (CI) (Fig. 4E). Most 
IPI-926/gem-treated tumors (14 of 17 tumors) 
exhibited a transient decrease in size within 1 to 
2 weeks of treatment (fig. S15). In contrast, only 
a minority of tumors treated with gemcitabine (2 
of 10 tumors) or IPI-926 (2 of 10 tumors) demon- 
strated objective ultrasonographic responses to 
treatment. In addition, IPI-926/gem treatment 
resulted in a significant decrease in metastases to 
the liver (P= 0.015, Fisher’s exact test) (Fig. 4F). 
Investigating the biology of tumors at endpoint, 
we found no differences in the expression of 
genes associated with gemcitabine resistance in 
IPI-926/gem treated tumors (fig. S11G). However, 
the hypovascularity of IPI-926/gem-treated tumors 
was restored at endpoint because the MVD in 
IPI-926 was similar to controls (fig. S11H). 

The general resistance of pancreatic cancer 
to systemic therapies is unusual among com- 
mon carcinomas and was not predicted by pre- 
clinical models (23). Chemotherapeutic agents 
share two properties: a short half-life and a small 
therapeutic index (the range of concentration 
between efficacy and toxicity). Poor tissue per- 
fusion will necessarily produce a substantial 
decrease in total exposure to drugs with a short 
half-life. We hypothesize that pancreatic tumors 
are poorly perfused relative to normal tissues 
and other tumors and that this is due to aspects 
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of tumor architecture that are specific to the KPC 
model and to human PDA. Indeed, two groups 
using contrast-enhanced endoscopic ultrasound 
have recently reported that human pancreatic ductal 
adenocarcinomas are poorly perfused and that this 
feature distinguishes PDA from endocrine tumors 
and inflammatory diseases of the pancreas (24, 25). 
A deficient nonangiogenic vasculature that limits 
drug delivery may also help explain why patients 
with pancreatic cancer show a poor response to 
anti-VEGF therapy (26). 

To counteract this barrier to drug delivery, we 
propose that agents with a long half-life and a 
high therapeutic index should be the focus of 
preclinical investigations in pancreatic cancer. 
We have provided a proof-of-principle that a drug 
that disrupts a proposed determinant of poor 
perfusion in PDA, the desmoplastic stroma, can 
facilitate the delivery and enhance the efficacy 
of gemcitabine. Unexpectedly, this drug, which 
inhibits the Hh signaling pathway through effects 
on Smo, also increased tumor vascular density, 
contrasting with earlier work that demonstrated a 
pro-angiogenic role for Hh signaling during de- 
velopment and in adults (27, 28). Ultimately, the 
vascular content of KPC tumors returned to lower 
levels, suggesting that the tumors can adapt to 
chronic Smo inhibition. Although most of the 
tumors in KPC mice likewise resumed growth 
after a transient response, our results nonetheless 
may open new avenues for improving the delivery 
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poorly vascularized as compared with normal pancreas (n = 5 samples) and chronic pancreatitis (2 = 5 samples) samples (*P < 0.0015, **P < 0.0001, 
Mann-Whitney U rank sum test). Peripheral (P) and central (C) regions of tissues were distinguished. 
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gem-treated tumors (P = 15 
0.04, Mann-Whitney U 
rank sum test). (D) IHC for CC3 revealed increased apoptosis in IPI-926/ 
gem-treated tumors (P = 0.008, Mann-Whitney U rank sum test). (E) IPI- 


926/gem treatment significantly extended survival in KPC mice (P = 0.001, 
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log-rank test; hazard ratio = 0.157 + 0.458, 95% Cl 6.36). (F) Fewer liver 
metastases were observed in IPI-926/gem KPC mice (*P = 0.015, Fisher's 
exact test). 


and efficacy of therapeutics in patients with pan- 17. M. J. Egorin, R. C. Hildebrand, E. F. Cimino, N. R. Bachur, 
creatic cancer. 
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Continuous Flow Reactor 

The Unigsis FlowSyn continuous flow reactor allows the user to conduct multiple flow chem- 
istry experiments in a single run, making it suitable for reaction optimization, profiling, or 
scale-up. The optional Multiple Experiment Package integrates the FlowSyn reactor with a 
Gilson FC203B or FC204 fraction collector to produce a compact system capable of running 
up to 10 sequential experiments with different reaction times, temperatures, and reagent 
ratios. Setting up 10 experiments takes only a few minutes: The user needs only to set up 
one reaction completely, and the process is replicated to conduct a series of experiments, 
with individual parameters easily modified using a simple spreadsheet interface. Two pro- 
tocols are available. In fractionation mode, reaction products are collected in programmed 
fractions. In optimization mode, product is collected in a single vial during a programmable 
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window. 
Uniqsis 


www.uniqsis.com 


Stackable Shakers 

The MaxQ 8000 series of stackable shakers offer high levels of per- 
formance and reliability for laboratories that need to shake large 
quantities of flasks in a minimal space. The shakers offer several 
unique features, such as run points and set points for temperature, 
speed, and time that are displayed simultaneously for convenient 
run cycle monitoring. A built-in high efficiency particulate air filter 
minimizes the chance of cross-contamination and ensures that the 
air inside the chamber remains clean. A fold-down door with an er- 
gonomically designed handle allows the shaker platform to slide out 
for easy sample loading. A flip-down latch on the quick-release base 
prevents the shaker from running if the platform is not secure. All 
stacking hardware is included. The chamber of the shaker is crevice- 
free stainless steel with curved corners and a built-in drain. 
ThermoFisher Scientific 

For information 508-742-5254 

www.thermofisher.com 


Laser Scanning Microscope 

The LSM 7 MP laser scanning microscope is tailored to the needs 
of multiphoton microscopy. Offering flexibility, a compact design, 
and ease of use, it generates high-resolution microscopic images for 
a wide diversity of experiments in biomedical and basic research. 
Because it includes two scanners in one compact system, two la- 
sers with different wavelengths can be used sequentially or simul- 
taneously for specimen imaging and manipulation. A wide range 
of detectors and filter equipment, and an extensive line of acces- 
sories, enable system customization. The LSM 7 MP is designed for 
recording high-resolution images of fluorescent structures. The ap- 
plications extend from high-resolution three-dimensional imaging 
in long-term observations of development processes and functional 
imaging in conjunction with simultaneous photomanipulation to im- 
aging in combination with electrophysiological measuring. 

Carl Zeiss 

For information +49-(0)-3641-642770 

www.zeiss.de/micro 


For information +44-(0)-845-864-7747 


Microplate Washer and Dispenser 

The EL406 1536-well Microplate Washer Dispenser offers fast and 
efficient microplate washing and reagent dispensing in 1,536-well, 
384-well, and 96-well microplates. The instrument combines wash- 
ing with up to three reagent dispensers, eliminating the need for 
separate instruments for each assay wash and reagent dispense 
step. The patented Dual-Action manifold performs applications from 
gentle washing of loosely adherent cell monolayers to complex wash- 
ing routines. The EL406 incorporates the integrated patent-pending 
Ultrasonic Advantage to reduce clogged manifold tubes. A valve 
switching module automates reagent switching of up to four different 
buffers. Reagent dispensing is available in both peristaltic and micro- 
processor-controlled syringe drive reagent dispensing technologies. 
The EL406 is compatible with the BioStack Microplate Stacker to au- 
tomate processes involving up to 50 standard-height microplates. 
BioTek Instruments 

For information 888-451-5171 

www.biotek.com 


Extreme Ultraviolet Spectrometer 

The 251MX X-ray and extreme ultraviolet spectrometer is for wave- 
length dispersive spectral measurements from 0.6 nm to 20 nm. 
The 251MX provides corrected, flat-field spectra with its selection 
of specially designed diffraction gratings. Data are acquired quickly 
and easily with direct-detection charge-coupled detectors. The clean 
stainless steel chamber and vacuum-prepared internal components 
allow efficient pumping for high vacuum or ultrahigh vacuum ap- 
plications. The 251MX’s small footprint simplifies integration into 
other systems. The two available gratings (for 0.6 to 6 nm or 5 to 20 
nm) have square groove profiles. The laminar design helps to reduce 
effects of high diffracted orders. The corrected grating designs de- 
liver high-resolution spectra. This standalone spectrograph enables 
simultaneous spectral detection over a wide range. 

McPherson 

For information 978-256-4512 

www.McPhersoninc.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availabilty of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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DIRECTOR OF VIROLOGY 
Antiviral Drug Discovery 


Southern Research Institute is seeking outstanding 
applicants for a Director of Virology in our Drug Dis- 
covery Division. The successful candidate will report 
to the vice president of drug discovery. The Division 
uses an interdisciplinary approach to translate basic re- 
search into FDA-approved drugs. We are particularly 
interested in attracting a scientist with an outstanding 
research program in virology with translational po- 
tential toward the identification or characterization of 
therapeutic targets. Candidates with an interest in 
collaboration with medicinal chemists, biochemists, 
the high throughput screening center, and our con- 
tract research groups are particularly encouraged to 
apply. To be considered, applicants must possess a 
Ph.D. in virology or related discipline and an estab- 
lished track record of research support. The successful 
candidate will be expected to maintain grant-based 
funding for his/her research and to manage and 
mentor existing independent investigators. This is a 
significant role within the Institute. The successful 
candidate will also be expected to set the future strat- 
egy and continue to grow our efforts in antiviral drug 
discovery. Applications should include curriculum vi- 
tae, a one- to two-page description of prior research 
experience, and a description of future research goals. 

Southern Research Institute, a not-for-profit research 
organization affiliated with the University of Alabama 
at Birmingham (UAB), has annual revenues in excess of 
$70 million and employs approximately 600 profes- 
sional, technical, and support personnel. The Institute 
focuses on three therapeutic areas: infectious diseases, 
oncology, and central nervous system disease. Five anti- 
cancer drugs and a sixth that protects patients against 
the side effects of chemo- or radiotherapy were dis- 
covered by Institute personnel and are now used in 
the clinic. Several other new anticancer agents are cur- 
rently in development or undergoing clinical trials. 
The Institute also has research programs to identify 
new agents for the treatment of a variety of bacterial, 
viral, and fungal diseases and these efforts are ex- 
pected to lead to additional clinical development can- 
didates. In conjunction with this, a state-of-the-art 
BSL-3/animal and in vitro BSL-3 facility is available 
for research with risk group 3 pathogens and is ap- 
proved for select agent use. As part of a large, bio- 
medical research community in Birmingham, we are 
committed to providing a stimulating and rewarding 
work environment. Close proximity to the UAB cam- 
pus facilitates interactions with academic and clinical 
personnel that are affiliated with UAB basic science 
departments, Comprehensive Cancer Center, Cell Matrix 
and Adhesion Center, Center for AIDS Research, Cen- 
ter for Biophysical Sciences and Engineering, and the 
Alabama Drug Discovery Alliance. 

Birmingham, Alabama, has a high standard of living 
afforded by a moderate climate, beautiful wooded ter- 
rain, outstanding residential communities and schools, 
world-class health care, below average cost of living, 
and a vibrant arts and entertainment scene. Southern 
Research Institute offers an excellent compensation and 
benefits package. 

You must apply for this position online at our 
website: http: //www.southernresearch.org for Po- 
sition sr-02188. Equal Opportunity Employer/Affirmative 
Action. 


POSTDOCTORAL POSITION available in mo- 
lecular immunology to study B cell antigen receptor 
signaling and differentiation, B1 cell origin and func- 
tion, and/or B cell:T cell interaction. Background in 
immunology, molecular biology, or biochemistry pre- 
ferred. Send curriculum vitae and three reference names 
to: Thomas L. Rothstein, M.D., Ph.D. c/o Jodi 
Schad, The Feinstein Institute for Medical Research, 
350 Community Drive, Manhasset, NY 11030. 
E-mail: jschad@nshs.edu; fax: 516-562-2533. 
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FACULTY POSITION IN VIROLOGY/VIRAL 
IMMUNOLOGY 
Department of Microbiology and Immunology 
University of Oklahoma Health Sciences Center 
Oklahoma City, Oklahoma 


The Department of Microbiology and Immunol- 
ogy at the University of Oklahoma Health Sciences 
Center invites applications for a 12-month, tenure- 
track position at the ASSISTANT PROFESSOR 
level. This position is expected to fill a programmatic 
role within the Department, and emphasis will be af- 
forded to those individuals whose research expertise is 
in virology and/or viral immunology. Applicants are 
expected to have a Ph.D. or equivalent degree with at 
least two years of postdoctoral training. The successful 
candidate will be expected to establish and maintain 
an extramurally funded research program in his/her 
field of study and to participate in the team-taught 
medical and dental curricula within the Department 
and to play a role in supporting our strong graduate 
training program. The Department currently has 14 
full-time, tenured or tenure-track faculty with more 
than 40 extramural grants and contracts and a multi- 
million dollar yearly budget. According to the latest 
NIH data, the Department ranks in the top third in 
medical school microbiology department funding. 
For an overview of the Department, visit our website: 
http://www.oumedicine.com/academictemplate_ 
landing.cfm?id=4252. 

Submit curriculum vitae, description of research in- 
terests and teaching experience, and the names and 


contact information, including e-mail addresses, of 


three references to: Chair of the Search Committee, 
Department of Microbiology and Immunology, 
BMSB-1053, 940 S. L. Young Boulevard, Oklahoma 
City, OK 73104. Applications will be reviewed as 
they are received. The University of Oklahoma is an Equal 
Opportunity /Affirmative Action Employer. Applications from 


women and ethnic minorities are strongly encouraged. 


POSTDOCTORAL RESEARCH POSITION 
Molecular Biology/Microbiology 


A Postdoctoral position is available immediately in 
Dr. Ji Yu’s group at the University of Connecticut 
Health Center (website: http://www.uchc.edu). Can- 
didates are sought to join a collaborative effort in 
studying the germination of mechanism of bacterial 
spores. The focus of the research will be (1) to de- 
velop superresolution optical microscopy methods 
to elucidate protein localizations in bacterial spores 
and (2) to understand receptor protein dynamics dur- 
ing the germination process. Early-career scientists 
with a background in molecular and cell biology, who 
are seeking an interdisciplinary adventure, are encour- 
aged to apply. Interested candidates should electron- 
ically send their curriculum vitae to Dr. Ji Yu, e-mail: 
jiyu@uchc.edu. An Equal Opportunity Employer, Minorities/ 
Females/Veterans/Persons with Disabilities. 


POSTDOCTORAL ASSOCIATE POSITION 
Stem Cell Biology and Immunology 


We seek motivated researchers. Will conduct re- 
search on molecular processes that regulate hema- 
topoietic stem cell function, immune regulation, or 
natural killer cell biology. Will plan and perform exper- 
iments, analyze data, publish results, and assist in train- 
ing graduate students. Ph.D. in bioscience or related 
field required. Apply to position #027084 online at 
website: http://www.upstate.edu and/or contact 
William G. Kerr, Ph.D., State University of New 
York Upstate Medical University, e-mail: kerrw@ 
upstate.edu. An Affirmative Action/Equal Employment 
Opportunity/ADA Employer committed to excellence through 
diversity. 


POSTDOCTORAL POSITION to study the role 
of microtubules in intracellular trafficking and signal 
transduction pathways in cancer. Strong background 
in molecular and cell biology required. Confocal mi- 
croscopy and animal experience desirable. Contact: 
e-mail: kab2018@med.cornell.edu; visit website: 
http://www.cornellpharmacololgy.org/faculty/ 
labs /giannakakou. 
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MEDICAL UNIVERSITY of SOUTH CAROLINA 


Vice President for Medical Affairs 


and 
Dean of Medicine 


The Medical University of South Carolina is the state’s largest medical 
complex and is comprised of six academic colleges: Dental Medicine, 
Graduate Studies, Health Professions, Medicine, Nursing and 
Pharmacy and the University Medical Center. The campus occupies 
over 50 acres and 120 buildings and has a total annual operating 
budget of nearly $2 billion including over $200 million in extramural 
research and sponsored programs. The University employs over 
11,000 staff, including almost 1,600 faculty members and 600 
housestaff, and serves over 2,500 students. 


The Vice President for Medical Affairs and Dean of Medicine provides 
leadership for clinical and academic services. As chief academic and 
administrative official for the College of Medicine, the Dean will guide 
the development and articulation of the vision for the College, 
encouraging programs consistent with its mission and promoting high 
standards of accomplishment. The VP/Dean reports to the President 
of the University, and has overall responsibility for the College of 
Medicine including leading the College strategic and long range plans; 
recruiting chairs and directors, maintaining a faculty of excellence in 
the educational, research and clinical programs. Educational oversight 
includes the full spectrum of undergraduate, graduate and continuing 
medical programs. In the research arena, the VP/Dean enhances the 
already extensive research initiatives, facilitates linkages between the 
clinical and basic sciences, and fosters translational science. Clinical 
responsibilities include continuing to integrate the physician practice 
plan, working with neighboring hospitals in outreach and working 
closely with the MUSC academic hospital partners: Medical 
University Hospital Authority, Children’s Hospital, the Institute of 
Psychiatry and the Ralph Johnson Veterans Administration hospital 
and clinics. Other duties involve interacting with the state legislature 
and the public at large, participating in private fundraising, and 
promoting the quality of life on the Medical University campus for 
both faculty and students. 


Qualified applicants should demonstrate: (1) a distinguished record 
of scholarly and professional achievement that merits an appointment 
with tenure at the rank of full professor; (2) senior administrative 
experience that indicates ability to lead a complex academic enterprise; 
(3) recognition for excellence in academic clinical practice and 
leadership; (4) commitment to excellence in research and experience 
with linking biomedical research activities to clinical practice; (5) 
commitment to excellence in education at all levels of the medical 
experience; (6) ability to raise resources for the activities of an 
academic medical center; (7) ability to plan strategically and work 
collaboratively with others, both within MUSC and outside; (8) 
effectiveness in representing the programs and needs of an academic 
medical center to governmental and other groups. 


Applications will be accepted until August 31, 2009 or until the 
position is filled. Please send letters of inquiry, nominations and 
applications to: David Cole, M.D., McKoy Rose Professor of 
Surgery, Chair, Dept. of Surgery, Chair, Search Committee for 
VP/Dean College of Medicine c/o Office of the President, Medical 
University of South Carolina, Colcock Hall, 179 Ashley Avenue, 
Charleston, SC 29425, Email: carsonb@musc.edu 


The Medical University of South Carolina is an 
equal opportunity/affirmative action employer. 
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THE FACULTY OF BIOLOGY AND MEDICINE OF 


THE UNIVERSITY OF LAUSANNE, SWITZERLAND 
INVITES APPLICATIONS FOR A POSITION OF 


Assistant Professor in 
Neurobiology 
in the Department of Cell Biology 
and Morphology 


This non tenure-track position will start in fall 
2009 or later. 


The successful applicant is expected to : 


e Establish an independent research program 
supported by external funds to complement 
the activities of the DBCM (http://www. 
unil.ch/dbcm), focused on the study of the 
biological bases of normal and pathological 
nervous system function. Candidates 
interested in the mechanisms controlling 
neuronal cell death and proliferation are 
encouraged to apply, 


Participate in the teaching of morphology, 
cell biology and neurosciences at both 
undergraduate and postgraduate levels to 
medical and biology students, 


Share administration responsibilities in the 
management of the Department. 


At the undergraduate level teaching in French 
is required, but a period of adjustment can be 
granted. 


Applicants must have a record of outstanding 
research and teaching experience and have 
shown themselves capable of obtaining external 
funds. 


The job description is available on the Web at 
the address www.unil.ch/fom/page64812.html. 
For further information, please contact Prof. 
Mehdi Tafti (mehdi.tafti@unil.ch), chair of the 
search committee. 


Applicants should send their full curriculum 
vitae, a list of publications in which the five 
most significant ones are identified, a brief 
summary of the past, present and future 
research program, and at least three names 
of reference before August 14th, 2009 to Prof. 
Patrick Francioli, Dean of the Faculty of Biology 
and Medicine, Rue du Bugnon 21, CH-1011 
Lausanne, Switzerland. 
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InBev-Baille 
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Latour 


NOMINATIONS ARE INVITED 


for the prestigious 


INBEV-BAILLET LATOUR HEALTH PRIZE 


of a value of 200,000 euro 


Theme for 2010: “Metabolic Disorders” 


The INBEV-BAILLET LATOUR FUND has set 
itself the goals of encouraging work of great value to 
humanity and to reward such work through prizes or 
study grants. The Fund is largely active in medical 
research, Belgian heritage, university education and 
the Olympic movement. The InBev-Baillet Latour 
Fund has been awarding the InBev-Baillet Latour 
Health Prize within the medical research field, since 
1979. This Prize offers the highest monetary reward of 
all science prizes awarded in Belgium. 


The InBev-Baillet Latour Health Prize is intended 
to encourage fundamental research and its useful 
applications. Its goal is to reward the scientific 
achievement of the laureate and to promote the 
continuation of his/her research. 

The first InBev-Baillet Latour Health Prize winner 
was Sir James W. Black. Since its inception, the Prize 
has honoured and encouraged 24 researchers. 
Prize-winners: www.inBey-baillet-latour.com, see chapter 


Medical Research, Health Prize, Winners. 


Nominations InBev-Baillet Latour Health Prize 2010 


If you wish to propose a candidate for the InBev-Baillet Latour Health Prize 2010 whose theme is Metabolic Disorders, 
please download the nomination form from the websites: www.frs-fnrs.be or www.inbev-baillet-latour.com 
The deadline for nominations is 30'" September 2009. 


For more information and submission or for an application, 
please contact Chantal Mairesse, Adviser F.R.S.- FNRS 

T +82 (0)2 504 92 40 / F +32 (0)2 504 92 92 / mairesse@fnrs.be 
Fonds National de la Recherche Scientifique 

Rue d’Egmont 5 / 1000 Bruxelles / Belgium 


—— 


ieee 


Professor Kari Alitalo, H.R.H. Princess Mathilde, Professor Seppo Yla-Herttuala 


www.inbev-baillet-latour.com 


InBev-Baillet Latour Fund 

Alain De Waele, secretary-general 
T +82 (0)16 27 61 59 

GSM + 32 (0)473 80 84 73 

E-mail: alain.dewaele@iblf.be 


AWARDEES INBEV-BAILLET LATOUR 2009 


PROFESSOR KARI ALITALO 

Professor at the Finnish Academy of Science; 
Scientific Head in the Biomedicum Helsinki 
centre of Excellence, specialising in Molecular, 
Vascular and Cancer Biology. 


PROFESSOR SEPPO YLA-HERTTUALA 
Head of the Cardiologic Disorders and Diabetes 
Type 2 department of the A.I. Virtanen Research 
Institute for Molecular Sciences at the University 
of Kuopio; Vice-President of the European 
Community for Genetic and Cell Therapy. 


Professors Alitalo and Yla-Herttuala were 
awarded the 2009 Health Prize for their 
pioneering research on cardiovascular disorders 
and more precisely for their contribution to 

a better understanding of angiogenesis and 
lymphangiogenesis and their regulation by 
growth factors and receptors. Thanks to the 
achievements of these scientists, the impact 
of the formation of arteries and the lymphatic 
system on heart and vascular disorders and 
cancer, is widely recognized. 


www.frs-fnrs.be 
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The 
NATIONAL RESEARCH COUNCIL 


OF THE NATIONAL ACADEMIES 


is accepting applications for a 


Postdoctoral Research Award 


tenable at the 
Walter Reed Army Institute of Research 
in Silver Spring, MD 


The goal of this research is to identify new 
compounds for the treatment of Post-Traumatic 
Stress Disorder (PTSD). Evaluation of treatment 
strategies will use a rodent model of PTSD to identify 
candidate compounds for advanced development. 
Proposals involving evaluation of novel 
pharmacological strategies are encouraged. The 
successful proposal will build upon the ongoing 
construction and implementation of the model and 
extension to specific applications consistent with the 
program mission. 


Qualified applicants should have a recent Ph.D. in 
Experimental Psychology, Neuroscience, 
Pharmacology or a related field with a strong 
background in behavioral assessment. 


For further information contact: 
Raymond F. Genovese, Ph.D. 
US Army Medical Research and Materiel 
Command (WRAIR) 
503 Robert Grant Avenue 
Silver Spring, MD 20910-7500 
Telephone: 301/319-9721; Fax: 301/319-9905 
E-mail: Raymond.Genovese@US.Army.Mil 


Eligibility: US and non-US citizens 

Duration: one year with possible 

renewal for a total of three 

years maximum 

$50,600 per annum for recent 

Ph.D. recipients; higher for 

additional experience 

Other: relocation, professional travel, 
health insurance 

Deadline: August 1, 2009 


Stipend: 


Applicant must initiate dialogue with prospective Adviser at the 
lab before application deadline. Applications must be submitted 
online directly to the NRC at: 
www.national-academies.org/rap 
Questions may be directed to the NRC at 
202-334-2760 (telephone) 
or rap@nas.edu. 


THE NATIONAL ACADEMIES 
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DEPARTMENT HEAD AND DEAN POSITIONS, 
ZHEJIANG UNIVERSITY, CHINA 


Founded in 1897, Zhejiang University is committed to the high- 
est standards of excellence in education and research, and has 
been at the forefront of academic scholarship in China. 

We invite applications and nominations for visionary leaders 
in the following Departments and Colleges: 


Positions: 

¢ Head, Department of Mathematics 
(Website: http://www.math.zju.edu.cn) 
Head, Department of Physics 
(Website: http://physics.zju.edu.cn/) 
Head, Department of Chemistry 
(Website: http://www.chem.zju.edu.cn/) 
Dean, College of Electrical Engineering 
(Website: http://ee.zju.edu.cn/) 
Dean, College of Civil Engineering and Architecture 
(Website: http://www.ccea.zju.edu.cn/) 


Duties: 

¢ Managing properties, financial and human resources of the 
department or the college as authorized by the University 
Improving the quality of teaching and learning, and research 
skills 
Recruiting outstanding faculty, training current teachers, 
and building highly qualified faculty team 

¢ Promoting international cooperation and exchange 


Term and Recruitment Package: 
Four years term, eligible for reappointment for another term, 
and full-time work (or no less than 9 months each year) 
State-of-the-art research facilities and strong supporting 
staffs 
Internationally competitive start-up support, salary and 
benefits according to qualifications and experience 


Requirements: 
Recognized academic qualification, distinguished 
leadership and effective relationship with both national and 
international professionals 
Relevant management experience of high education 
Regardless citizenship, fluency in English or Chinese 


Documentation Details: 
A comprehensive curriculum vitae 
Copies of advanced degrees and certification of present 
employment 
List of publications in the past five years 
Addresses, telephone numbers, and e-mail addresses of 
three to five scholars as references 
A letter of interest addressing vision objectives and goal 


Closing Date: July 30, 2009 

Contact Person: Zhu Xiaoyun 

E-mail: Ixbzp@zju.edu.cn (for department head position 
applicants) or fezju@zju.edu.cn (for dean position applicants); 
Tel: +86-571-88981390 88981345; Fax: +86-571-88981976 


THE HUMAN FRONTIER SCIENCE PROGRAM 
2010 POSTDOCTORAL FELLOWSHIPS 


Registration deadline: 27 August 2009 


Submission deadline: 10 September 2009 


The Human Frontier Science Program offers fellowships for basic research training in the 

life sciences across national and scientific boundaries. Applications are invited for two inter- 
national programs that support postdoctoral investigators who explore new research areas. 
Frontiers of science are often found at the interface of biological and physical sciences and 
participation of scientists from outside the life sciences is welcomed. Fellows are expected to 
be exposed to new literature and methods during the tenure of their award while their previ- 
ous expertise should be reflected in the research project. Applications from female candidates 
are particularly encouraged. 


e Long-Term Fellowships are reserved for applicants with a PhD in biology to embark 
on a new project in a different field of the life sciences. Preference is given to appli- 
cants who propose an original study in biology that marks a departure from their 
previous Ph.D. or postdoctoral work. 


Cross-Disciplinary Fellowships are open to applicants with a PhD from outside the 
life sciences e.g. in physics, chemistry, mathematics, engineering or computer sci- 
ences and who have had limited research experience in biology during their previous 
training. 


Fellowships are for three years and offer flexible use of funding in the final year. The start of 
the third year can be deferred for up to two years while being supported through other funds 
thus allowing extension of the training in the host laboratory. Third year funding can also be 
used to return to the home country allowing the fellows to apply for the 


e HFSP Career Development Award which provides a 3-year start-up grant of 
$100.000/year to help establish their first independent laboratory. HFSP fellows can 
apply after completion of at least two full years of postdoctoral training abroad. 


Nationals from any country can apply for training only in a supporting country, while nationals 
of the HFSP supporting countries can apply to work in any other country. Current supporting 
members are: Australia, Canada, the European Union, France, Germany, India, Italy, Japan, 
the Republic of Korea, New Zealand, Norway, Switzerland, the United Kingdom, and the 
United States of America. 


The detailed application guidelines are available at http://www.hfsp.org/how/appl_ form.php. 
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Guangzhou Medical University (GMU) is a highly qualified academic 
institution located in Guangzhou, China. As one of its unique subordinate 
divisions, GMU boasts Guangzhou Institute of Respiratory Diseases (GIRD), a 
worldwide famous institute led by professor Nanshan Zhong (#'F LL) . 
GIRD focuses on a wide range of research interests including but not 
; limited to emerging respiratory diseases (SARS, avian flu, etc), asthma, 
COPD, chronic cough and lung cancer. In 2007, GIRD was selected by the 
Ministry of National Science and Technology as the “State Key Laboratory 
of Respiratory Diseases”. Currently, GMU aims at greater improvement 
and advances in scientific teamwork. We welcome motivated biomedical 
scientist to join us as a: 
Cheung Kong (Chang Jiang) Scholarship Guest Professor 


doctoral Fellow or 

Research Assistant 
ERE! Professor with expe- 

rience in embryonic 
MOUNT SINAI stem cell biology 
Sere - is available in the 
——___- Center of Excel- 

lence for Novel 
Approaches to Neurotherapeutics 
at Mount Sinai School of Medi- 
cine (New York, NY). Preference 
will be given to candidates inter- 
ested in establishing translational 
research in experimental models 
of neuropsychiatric disorders using 
either pluripotent human/mouse 


online @sciencecareers.org 


Eligible applicant should be: 
* Aged below 45 years old. 
A PhD-bearing assistant (or higher-ranked) professor in an academics-oriented institution, 
competent for teaching with core curriculum. 
With demonstrated competence in leadership and protocol implementation 
With good command of English communication. 
Experienced in collaboration with multicultural and multidisciplinary teams. 
Able to work in Guangzhou Medical University for at least 9 months per year. 


Science Careers 


Applicants should submit a CV with contact information of three referees; a summary of accomplished 


research (both in English and Chinese); a future research plan. 


Once accepted, you will be endowed with : 


1) Regular salary payment at full professor level according to GMU regulation, plus 100,000 per 
year special professorship allowance by The Education Ministry of China for 5-years. 
2) At least +-2,000,000 research funding, favorable working space and living condition. 


Contacts: 
Jessica Ma , Chen Guanquan 


Address: 195 Dongfeng Xi Road, Guangzhou, China 510182 


Telephone: 86-20-81340481 
Fax: 86-20-81340454 


Email: gybgs@vip.163.com; guanquanchen@yahoo.com.cn 


Web: www.gzhmce.edu.cn 


embryonic stem cells (mhESCs) 
or induced pluripotent stem cells 
(iPSCs). 


Qualified applicants should send 
their CV to: Ms. Hayley Fivecoat, 
Program Manager, Department 
of Psychiatry, Mount Sinai 
School of Medicine, NYC, e-mail: 
hayley.fivecoat@mssm.edu. 
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Faculty Positions 
Department of Pharmacology and Toxicology 


The Department of Pharmacology and Toxicology at the Indiana University 
School of Medicine in Indianapolis invites applications from outstanding 
individuals for faculty positions at the Assistant or Associate Professor 
level. More senior individuals with exceptional credentials may be consid- 
ered. A Ph.D. and/or M.D. degree with at least three (3) years of postdoctoral 
research experience and strong evidence of productivity are required, and 
grant support is desirable. Preference will be given to individuals with 
outstanding scholarship in the fields of molecular and cellular pharmacol- 
ogy or toxicology, but other exceptional candidates will be considered. 
Competitive start-up packages include ample laboratory space and access to 
exceptional core research facilities. Successful candidates will be expected 
to develop strong extramurally supported research programs, to contribute 
to an already strong, collaborative research environment, and to excel in 
mentoring graduate and postgraduate trainees. Within the Department of 
Pharmacology and Toxicology, a number of research areas exemplify the 
integrative nature of our discipline. Research in the department focuses 
on various aspects of neuropharmacology and sensory systems. We also 
attempt to understand mechanisms of drug action on gene expression and 
on signal transduction cascades. Understanding how oxidative stress and 
various chemicals modify normal cell cycles and thus cause tumor growth 
is the major emphasis of faculty members in Toxicology and in the Indiana 
University Cancer Center. More information about the department can be 
found on our website (http://pharmtox.iusm.iu.edu). 


Interested individuals should send a curriculum vitae, a research prospectus, 
and the names and addresses of three (3) references. Application materials 
will only be accepted in electronic format by submission to the attention of 
the Search Committee, Department of Pharmacology and Toxicology, 
IU School of Medicine at phtxjobs@iupui.edu. 


IU is an EEO/AA Employer, M/F/D. 
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Faculty of Mathematics and Natural Sciences 
Full Professor Position in Applied Physics 
Chair: Physics of Organic Semiconductors 


The Faculty of Mathematics and Natural Sciences of the University of 
Groningen is seeking applications and nominations for a full professor 
position in applied physics, chair: Physics of organic semiconductors. 
The Faculty offers Bachelor, Master and Ph.D. programmes over the 
entire range of natural sciences. The research in the Faculty is organized 
in research institutes. The vacancy exists within the Zernike Institute 
for Advanced Materials, which unites 21 research groups in physics, 
chemistry, and biology. The Zernike Institute is one of six recognized 
National Centres of Excellence in The Netherlands. Its mission is design 
and functionality of novel materials, with a focus on understanding 
and control at the microscopic level. The Institute thrives on a strong 
interdisciplinary nature of its research programme and frequent 
collaborations between its various groups. 


The complete text of the advertisement, listing requirements, condi- 
tions and instructions for application, can be found on the website 
of the Zernike Institute for Advanced Materials at: http://www.rug. 
nl/zernike/vacancies/atmsc/pos 


Review of applications will begin August Ist, 2009, and will continue 
until the position is filled. Applications in hard copy should be addressed 
to: Head of Personnel Department, University of Groningen, P.O. 
Box 72, 9700 AB Groningen, The Netherlands; Prof. J. Knoester, 
Zernike Institute for Advanced Materials, University of Groningen, 
Nijenborgh 4, 9747 AG Groningen, The Netherlands; By E-mail 
(Word or PDF) to: m.h.derix@rug.nl. When applying please mention 
the vacancy number: AT209220. 


LS Griffith Rewarding excellence 


UNIVERSITY 


Griffith University is committed to excellence in teaching and research. The University has five campuses 
and over 37,000 students in the high growth Brisbane-Gold Coast corridor in Australia. The University has 
an excellent working environment and a positive culture which supports staff development and encourages 
innovation, diversity and creativity. 


Area of Strategic Investment — Drug Discovery with a focus on infectious diseases 

As part of the University’s agenda to build reputation and recognition, eight areas of strategic investment (ASI) 
have been identified. One of these eight is the area of Drug Discovery with a focus on infectious diseases. 
The University is seeking to appoint a Professor of Medicinal Chemistry and a Professor of Molecular Virology 
to work in the area of drug discovery. Successful applicants will be offered a five year appointment. A further 
continuing appointment may be offered at the completion of the five-year term, subject to funding and 
satisfactory performance. Applications are invited for the following vacancies: 


Professor of Medicinal Chemistry 


This position will be located within The Eskitis Institute for Cell and Molecular Therapies which commands an 
international reputation and has four experienced chemistry groups specialising in drug discovery projects. 
This position will be based on the Nathan campus. 


The Professor of Medicinal Chemistry will play a key role in developing medicinal chemistry activities at 
Eskitis and in building a critical mass of medicinal chemistry expertise as well as strongly pursuing their own 
research agenda. 


Post Doctoral and PhD scholarships 
Opportunities may become available with the expansion of the Medicinal Chemistry Group. Expressions of 
interest are invited from suitable candidates for either post doctoral or PhD scholarship opportunities. 


Enquiries: Professor Ron Quinn, Director, email: r.quinn@griffith.edu.au 
Reference: ESKO229/09 
Closes: 17 July 2009 


Professor of Molecular Virology 


This position will be located within the Institute for Glycomics which has an international reputation 
in carbohydrate science and a strong focus in drug discovery. This position will be based on the 
Gold Coast campus. 


The Professor of Molecular Virology will provide leadership for a Molecular Virology group in the area of 
infectious diseases and will also be expected to achieve excellence in their own research. 


Post Doctoral and PhD scholarships 
Opportunities may become available with the expansion of the Molecular Virology Group. Expressions of 
interest are invited from suitable candidates for either post doctoral or PhD scholarship opportunities. 


Enquiries: Professor Mark von Itzstein, Director, email: m.vonitzstein@griffith.edu.au 
Reference: GLYO228/09 
Closes: 17 July 2009 
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To Apply: 

1 | Go to www.griffith.edu.au/hrm/employment/ for further information on the position and selection 
criteria or phone +61 7 3735 4010 if you do not have internet access. 

2 | Follow the specific application process for that position. 


3 | Applications must be lodged electronically. All applications will be acknowledged. 


GOLD COAST LOGAN MT GRAVATT NATHAN SOUTH BANK | www.griffith.edu.au 
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W West Virginia University 
Roben C. Byrd Health Sciences Center 
Hubert A. and Hazel L. Shaffer Chair of Molecular Genetics 


The Center for Neuroscience (www.hsc.wvu.edu/wvucn/) and the Department of Behavioral 
Medicine and Psychiatry (www.hsc.wvu.edu/som/bmed/) at West Virginia University are seeking 
an established M.D. or Ph.D. scientist for the Hubert A. and Hazel L. Shaffer Chair of Molecular 
Genetics. Candidates should have research expertise in molecular genetics or pharmacogenetics 
of neuropsychiatric illnesses. The selected candidate will be appointed Associate or Full Professor, 
lead his or her own research group, assume a lead role in the ongoing development of translational 
research in neuroscience, and have the opportunity to participate in professional education and 
graduate training. Candidates should have a strong record of externally funded research, with 
transferable NIH funding, and a commitment to mentoring junior faculty. The position offers a 
competitive salary and resources needed to develop a strong research program. 


West Virginia University is a land grant Carnegie-designated Doctoral/Research-Extensive insti- 
tution with approximately 20,000 undergraduate and 5,500 graduate/professional students. The 
Health Sciences Center includes the Schools of Medicine, Pharmacy, Dentistry, and Nursing, each 
with health professional and graduate programs. Two new research buildings accommodate our 
aggressive research growth agenda. Patient care facilities include WVU’s 460-bed Ruby Memorial 
Hospital and 70-bed Chestnut Ridge Psychiatric Hospital. Morgantown is rated one of the best 
small cities in the U.S. with affordable housing, excellent schools, a picturesque countryside, and 
many outdoor activities (www.morgantown.com). 


Review of applications will continue until the position is filled. Applicants should send their 
curriculum vitae, research plans, and contact information for three references by email to: 
cnpositions@hsc.wvu.edu. Inquiries regarding the position can be directed to: James M. 
O’Donnell, Ph.D., Professor and Vice Chair for Research, Behavioral Medicine and Psy- 
chiatry, and Assistant Vice President for Research, West Virginia University Health Sciences 


SANFORD SCHOOL OF MEDICINE 


Faculty Position 


The Division of Basic Biomedical Sciences at 
the Sanford School of Medicine of The 
University of South Dakota invites 
applications for a tenure-track faculty position 
at the Assistant Professor level. Exceptional 
applicants at higher levels may also be 
considered. Applicants must have a Ph.D. 
and/or M.D., or equivalent degree, and post- 
doctoral experience. Successful candidates 
will be expected to develop an independent, 
externally funded research program. Research 
in the areas of targeted proteolysis, protein 
turnover, signal transduction, molecular 
chaperones, protein quality control or 
conformational diseases is particularly desired 
though additional areas will be considered. 
These topics should relate to the genesis 
and/or treatment of diseases including, but not 
limited to, cancer and cardiovascular disease. 
Preference will be given to applicants whose 
research complements the existing strengths 
in protein folding, molecular chaperones, 
targeted proteolysis, and signal transduction. 
The successful candidate will also be expected 
to participate in teaching undergraduate, 
graduate, and medical students. Excellent 
start-up funds, — state-funded salary 
commensurate with experience and modern 
research facilities in the new Lee Medical 
Building, Vermillion, SD will be provided. 
Application should include curriculum vitae, a 
summary of past research and teaching 
experience, a statement of research interests 
and future plans, as well as three letters of 
reference. pp online at 
https://yourfuture.sdbor.edu postin 

number 0002203. Review of applications will 


Center (304-293-2433; jodonnell@hsc.wvu.edu). 


West Virginia University is an Affirmative Action/Equal Opportunity Employer. 


begin on July 13, 2009 and continue until 
position is filled. 
Women and minorities are 
encouraged to apply. 
AA/EOE. 
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Faculty Positions In Circadian Biology 


The Department of Biology at Texas A&M University invites applications 
for faculty positions at the ASSOCIATE or FULL PROFESSOR level 
in circadian biology. 


We are interested in outstanding circadian biologists with well-funded, 
internationally recognized research programs. We especially invite appli- 
cations from researchers who will complement a group of seven faculty 
in the Center for Biological Clocks Research (CBCR) who use molecular, 
cellular, physiological and behavioral techniques to study circadian clocks 
in Neurospora, chickens, Drosophila and mice. The primary criteria for 
selection will be excellence and creativity in research and scholarship in 
circadian biology, including sleep. We strongly encourage applications 
from candidates who will increase the exposure of our students to a 
diverse culture. 


The successful candidates will be expected to maintain a vigorous, exter- 
nally funded research program and to contribute to the teaching of under- 
graduate and graduate students. We offer a highly interactive and collegial 
research environment, a strong modern infrastructure, and competitive 
startup packages. More information about our department can be found at 
www.bio.tamu.edu. For full consideration, applicants should send a letter 
of intent, curriculum vitae, statement of research and teaching interests, 
and three letters of recommendation by September 1, 2009 to: 
Dr. Paul Hardin 
Chair, Circadian Biology Faculty Search Committee 
Department of Biology 
Texas A&M University 
3258 TAMU 
College Station, TX 77843-3258 


Questions about this search should be directed to Dr. Hardin at 
clocksearch@mail.bio.tamu.edu. 


Texas A&M University is an Equal Opportunity Employer and has a 
policy of being responsive to the needs of dual-career couples. 


MRC Laboratory for Molecular Cell Biology 
Group Leaders 


We are seeking new Group Leaders with research interests in 
Molecular Cell Biology. The posts will be ideal for scientists wishing 
to establish independent research careers, but established Group 
Leaders will also be considered. 


The MRC Laboratory for Molecular Cell Biology (LMCB) is located 
in modern research facilities on the main University College London 
(UCL) campus in central London. It currently houses the MRC Cell 
Biology Unit, as well as UCL groups funded by Cancer Research UK, 
The Royal Society and the Wellcome Trust. Work in these groups is 
focused on understanding fundamental problems of cell biology and 
their relation to human disease in a variety of experimental models. 
The new Group Leaders will be selected to enhance or complement 
the current research areas. The LMCB has an interactive research 
environment, excellent facilities with particular expertise in imaging, 
an innovative four-year Graduate Programme and close links to the 
UCL scientific community. Further information on the Institute can 
be found at http://www.ucl.ac.uk/LMCB/. Informal enquiries can 
be directed to Professor Mark Marsh (m.marsh@ucl.ac.uk). 


Successful applicants will be expected to win competitive personal 
fellowships from funding agencies such as the Wellcome Trust, 
Cancer Research UK or the MRC. Applicants should send a full 
Curriculum Vitae, an outline of research interests, and the names 
and addresses of four referees to: 
Professor Mark Marsh, MRC LMCB 
UCL, Gower Street, London WC1E 6BT 
United Kingdom 


Closing date: 31st July 2009 
UCL Taking Action for Equality. 


GRANTS 


TO NOVEL 
DRUGS 


Our company‘s mission is to provide new treatment o} 
medical need. We are committed to innovation and to 

into novel drugs. We are also dedicated to fostering collab 
groups and start-ups. In order to further pool expertise anc 
Bayer Schering Pharma AG intends to support collaborai 
molecular targets in the fields of ‘ 


Grants are meant to be provided to support research on pr 
discovered a novel molecular drug target and want to develop i 
please send us your proposal via our website link (www.grants: 


JAXA International Top Young Fellowship 


The Institute of Space and Astronautical Science (ISAS), part of the Japan Aerospace Exploration Agency (JAXA) is one of the leading 
space science centres. In collaboration with universities, it conducts a full range of space science activities, including topics such as 
the structure and origin of the universe; formation of the earth and solar system; utilization of the space environment for microgravity 
experiments; and space engineering to enable these activities by developing future technologies. 


As part of its on-going commitment to remain at the forefront of space science, ISAS/JAXA has established a prestigious new fellowship 
program, the JAXA International Top Young Fellowship. This is designed to attract outstanding, highly motivated, young researchers 
in any of the space science fields covered by ISAS/JAXA to work in Japan for 3 (extendable to 5) years. The excellent remuneration 
package (see below) includes generous travel support so that the fellows can extend their international profile, as well as developing 
collaborations within Japan. 


This Fellowship program will offer the special salary to the fellows of 780,000 Japanese Yen/month (equivalent to 93,600 USD/year at 
a typical exchange rate of 100 JPY/dollar.) The program will provide them with the financial support for expenses for travel and equip- 
ment up to a maximum of 2,500,000 Japanese Yen/year 


The closing date: July 15, 2009 
For further information about JAXA International Top Young Fellowship, visit: http://www.jaxa.jp/employ/index_e.html 


Contact information 
Personnel, Research Promotion Office 
Institute of Space and Astronautical Science 
Japan Aerospace Exploration Agency 
E-mail: young_fellowship@jaxa.jp 
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UNIVERSITY OF 
SASKATCHEWAN 


Department of Microbiology and Immunology 
Faculty Position 


The Department of Microbiology and Immunology, College of Medicine, University of Saskatchewan, 
invites applications for a tenure track faculty position as an Assistant Professor in the discipline of 
bacterial physiology/genetics. We are interested in an outstanding individual who will pursue a vigorous 
research program. Applicants must have a PhD or equivalent, postdoctoral research experience, demon- 
strated research ability and have an interest in undergraduate and graduate education. We are seeking an 
individual with expertise in bacterial physiology/genetics, with interests in gene or protein function in 
the context of bacterial physiology/pathogenesis and/or of host-pathogen interactions. 


The successful applicant will have a broad range of interactive possibilities on campus with scientists 
in cognate departments and colleges, including the Vaccine and Infectious Disease Organization, the 
Toxicology Centre, Saskatchewan Structural Sciences Centre, and the synchrotron facility (Canadian 
Light Source), plus a number of national and provincial research institutes. There is an active research 
park adjacent to campus dedicated to the commercialization of innovation. A state of the art BSL3 and 
ABSL3 core facility (INTERVAC) is under construction along with extensive renovation and expansion 
of the Academic Health Sciences Complex. 


The department offers vigorous undergraduate and graduate programs. Its members are involved in 
basic and translational research and are members of various campus-wide research groups, including 
the Molecular Design Research Group. 


The University of Saskatchewan (www.usask.ca) is situated along a river in the vibrant city of Saskatoon 
(www.tourismsaskatoon.com), which is a hub of scientific research, the arts, resource development 
and agriculture. Applicants for the position should provide curriculum vitae, a statement of research 
interests and specific goals, and the names of three referees to: Dr. Peter Bretscher, Head, Department 
of Microbiology and Immunology, College of Medicine, University of Saskatchewan, 107 Wiggins 
Rd., Saskatoon, SK S7N 5E5 Canada. Review of applications will begin on August 15, 2009 and 
continue until a successful candidate is chosen. 


Applicants are invited from qualified individuals regardless of their immigration status; 
however, Canadian or permanent residents will be given priority. The University of Saskatchewan 
is committed to Employment Equity. Members of Designated Groups (women, aboriginal people, 
people with disabilities and visible minorities) are encouraged to apply and identify themselves 
as belonging to a designated group. 


US DA Plead 
eS Service 


www.ars.usda.gov 


The Nation ’s premier food and agricultural 
research agency 


USDA, Agricultural Research Service (ARS), 
Plant Sciences Institute, Sustainable Perennial 
Crops Laboratory in Beltsville Maryland is 
seeking a Research Geneticist (Plants) posi- 
tion. The successful candidate will establish 
independent research and develop a program 
to evaluate and characterize tropical plant 
germplasm, specifically Theobroma cacao 
and develop technologies for improving 
germplasm utilization and conservation. A 
PhD. degree in an appropriate field that placed 
emphasis on genetics is required. Demon- 
strated fundamental research productivity 
in germplasm evaluation and international 
experience are essential for this position. 


Questions regarding the duties of this position 
should be directed to Lyndel Meinhardt: 
Lyndel.meinhardt@ars.usda.gov, (301) 
504-1995. For additional information, refer 
to Announcement #: ARS-X9E-0144 at http: 
//www.afm.ars.usda.gov/divisions/hrd/ 
vacancy/VAC2.HTM. 


U.S. citizenship is required. 
The USDA/ARS is an Equal Opportunity 
Provider and Employer. 


MICHIGAN STATE UNIVERISTY 
Division of Reproductive Biology 
Department of Obstetrics, Gynecology and Reproductive Biology 


The Department of Obstetrics, Gynecology and Reproductive Biology in the College of Human Medicine 
at Michigan State University is embarking on a significant expansion of its research enterprise. The stated 
mission of the Department of Obstetrics, Gynecology and Reproductive Biology is to understand the 
mechanisms of diseases relevant to women’s health and translate that understanding into novel diagnostics 
and therapies for relevant diseases. Four positions are available for outstanding faculty to join Dr. Asgi 
Fazleabas (Associate Chair and Director, Center for Women’s Health Research) and Dr. John Risinger 
(Director, Center for Gynecological Oncology Research) in Grand Rapids, Michigan. Qualifications include 
an earned M.D. or PhD in a relevant specialty and post doctoral training. A highly competitive salary and 
excellent start up packages will be available to the selected candidates who will have tenure accruing 
positions at Michigan State University. Applicants who are not U.S. citizens or permanent residents must 
provide documentation of employment authorization in the United States. Applications/nominations should 
include a current curriculum vitae and a personal statement of research interests and future goals and names 
and contact information of three referees. Electronic submission of applications is preferred. The review of 
applications will begin on October 1, 2009, and will continue until the positions are filled. 


Preference will be given to applicants with a successful track record of sustained, collaborative, peer-reviewed 
funding, with preference given to NIH funded investigators, and high quality publications in topics related 
to women’s health that have the potential of being competitive for extramural funding to maintain an active 
research program. The Department is particularly interested in candidates with research interests in uterine 
and implantation biology, leiomyoma, endometriosis, and gynecologic oncology. Candidates with expertise 
in stem cell biology, molecular and cellular biology and/or animal models for gynecological diseases and 
gynecologic cancer are strongly encouraged to apply. The successful candidates will have the opportunity 
and resources to develop highly collaborative basic and translational research programs within the depart- 
ment in Grand Rapids, MI in conjunction with the Van Andel Institute, Spectrum Health Research Institute 
and Michigan State University CTSI Program. 


In the past decade Grand Rapids has become a major center for medical research, teaching, training and 
patient care (NY Times, July 11, 2007). The city also offers an excellent quality of life, with outstanding 
schools, affordable housing and easy access to many recreational areas in Michigan. 


All applications and inquiries will be kept confidential. Direct correspondence and inquiries to: Lou Candiotti 
— Chief Department Administrator, Obstetrics, Gynecology and Reproductive Biology, 630 East Fee, 
East Lansing, MI 48824. Email — louis.candiotti@he.msu.edu; Phone: 517-884-6031. 


Michigan State University is committed to achieving excellence through cultural diversity. The Univer- 
sity actively encourages applications and/or nominations from women, persons of color, veterans and 
persons with disabilities. MSU IS AN AFFIRMATIVE ACTION, EQUAL OPPORTUNITY EMPLOYER. 
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+) @) Weill Cornell Medical College 


Weill Cornell Medical College is recruiting an outstanding 
investigator for the Department of Dermatology 


The Weill Cornell Department of Dermatology is recruiting an investigator 
in cutaneous biology at the Assistant or Associate Professor level. We are 
seeking outstanding candidates working at the intersection of immunology 
and cancer biology with relevance to the skin. A successful candidate will 
be highly motivated and will have a strong independent research program 
or demonstrate the potential to develop and maintain a strong and inde- 
pendent research program. Applicants must hold an appropriate doctoral 
degree (M.D., Ph.D. or M.D./ Ph.D.). 


The Department of Dermatology has strong ongoing research programs in 
immunology, neuroimmunology, cancer biology and tissue repair. Weill 
Cornell Medical College is located adjacent to Rockefeller University 
and Memorial Sloan-Kettering Cancer Institute. These three institutions 
have world renowned programs in immunology, molecular biology, cancer 
biology, pharmacology as well as many other areas of research offering 
extremely rich opportunities for collaboration. 


Interested applicants should submit a copy of their curriculum vitae, fund- 
ing history, and a letter describing their academic interests to: 

Richard D. Granstein, M.D. 

Department of Dermatology 

Weill Cornell Medical College 
1305 York Avenue, 9" Floor 
New York, NY 10021 
Email: rdgranst@med.cornell.edu 


Weill Cornell Medical College is an Equal Opportunity/Americans with 
Disabilities Act Employer. 


ANNOUNCEMENTS 


ADVANCED BIOLOGY 
TRAINING COURSE 
IN ANTARCTICA January 2010 

UNIVERSITY “Integrative Biology and Adaptation of 
OF SOUTHERN Antarctic Marine Organisms” 

cero: This National Science Foundation sponsored 
course will be held in Antarctica at the United 
States’ McMurdo Station for one month, starting January 2010. This 
is an international course, open to all nationalities. Applications are 
invited from graduate students currently enrolled in a Ph.D. program, 
postdoctoral fellows, and early-career faculty who are interested in 
the study of extreme environments and the biology of Antarctic 
marine organisms. Full scholarships are available for each partici- 
pant accepted into the course to cover the cost of travel from home 
institution to Antarctica, and room and board while in Antarctica. The 
emphasis of the Antarctic Biology Course is on integrative biology, 
with laboratory- and field-based projects focused on biological adap- 
tations in extreme environments, with an emphasis on rapid climate 
change in polar regions. A diverse teaching faculty will offer students 
the opportunity to study a wide range of Antarctic organisms (bacteria/ 
archaea, algae, invertebrates, and fish), as well as studying several dif- 
ferent levels of biological analysis (molecular biology, biomechanics, 
physiological ecology, species diversity, and evolution). 


Deadline for receipt of completed applications is August 1, 2009. 


For more information and on-line applications, please see: 
http://antarctica.usc.edu 
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The Department of Chemistry and the Center for Nanolntegration Duisburg- 
Essen (CeNIDE) invite applications for 


Two Full Professorships (W3) in Chemistry: 
(a) Chair in Physical Chemistry 
(b) Chair in Technical Chemistry/Chemical Engineering 


We are seeking two internationally renowned scientists with outstanding track 
records of scientific achievements, who will establish a highly visible research 
program preferentially in one or more of the following areas: 

Colloidal chemistry 

Functional polymeric materials with an emphasis on reaction engineering 
Functional nanoparticles 

Biomimetic Membranes 

Nanoscale organic inorganic hybrid materials 

Rheological and structural properties of suspensions, dispersions, gels 


As the positions will be joint appointments by the Department of Chemistry 
and CeNIDE and have been identified as part of the University’s strategic 
appointments, competitive start-up packages will be made available. This 
includes laboratory space in the new Chemistry Building and the NanoEnergy 
Technology Center. The successful candidates are explicitly invited to play a 
leading role in the further development of the broad nano-initiative of the 
University of Duisburg-Essen, represented by CeNIDE. 


CeNIDE, established in 2005, is the University’s framework for its strategic 
efforts in nanosciences. 40 research groups from Chemistry, Electrical 
Engineering, Physics and Mechanical Engineering with a total of about 200 
scientists presently participate. CeNIDE research groups are well funded by 
state, federal and European funding agencies. The German Research Foundation 
has recognized the strength of nanosciences at the University of Duisburg- 
Essen by granting three Collaborative Research Centers and a Research Training 
Network with a combined annual budget of 5.5 Mio. € (one of the highest 
numbers of cooperative networks funded in the nanosciences in Germany). 


The Department of Chemistry with a faculty of 24 tenured professors attracts 
about 250 new students every academic year. It runs an international graduate 
program with presently 160 PhD students and has a research income of 3 Mio. 
€ per year. Fundamental research on functional materials linked to the CeNIDE 
nanosciences activities and/or towards the life sciences is one research focus 
and of particular importance with regard to the positions to be filled. 
Supramolecular chemistry, biofilms, water sciences, and chemical education 
are further foci of the research program. It is expected that the candidates will 
participate in teaching all relevant courses in Physical or Technical Chemistry, 
respectively, in the various B.Sc. and M.Sc. study programs at the department. 


The preconditions according to the university law § 36 Hochschulgesetz NRW 
(HG) are a university degree, pedagogical abilities, a doctoral degree and further 
scientific qualifications. These qualifications may - among others - consist of 
a junior professorship or a post-doctoral degree (Habilitation). 


The Universitat Duisburg-Essen is an equal-opportunity employer committed 
to excellence through diversity and therefore explicitly encourages applications 
from women. Disabled persons with equivalent qualifications will be considered 
preferentially. 


Candidates are invited to submit their application, including curriculum vitae, 
publication list, statement of research interests and future research plans at 
UDE, teaching and fund raising records, as well as documentation of their 
academic degrees, to the Dean of the Department of Chemistry, Prof. M. 
Epple, University of Duisburg-Essen, Universitatsstr. 2, 45141 Essen, Germany; 
e-mail matthias.epple@uni-due.de. 


It must be clearly stated in the application to which position (i.e. Physical 
Chemistry or Technical Chemistry) it refers. In the case of a suitable qualification, 
a candidate may also apply to both positions. Again, this must be clearly stated 
in the application letter. 


You may also contact Prof. M. Epple (Department of Chemistry), Tel. (+49) (201) 
183 2413 and Prof. A. Lorke (CeNIDE), Tel. (+49) (203) 379 3265, for further 
information. 


You will find additional information at www.uni-due.de (on the University of 
Duisburg-Essen), at www.uni-due.de/chemie (on the Department of Chemistry), 
and at www.cenide.de (on CeNIDE). 
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POSITIONS OPEN 


The University of Nebraska-Lincoln Institute 
of Agriculture and Natural Resources is in the pro- 
cess of enhancing the molecular biosciences in its maize 
program. There is an expectation that the successful 
candidates will translate research discoveries into tech- 
nologies usable in plant species of economic or eco- 
logical interest. The Department of Agronomy and 
Horticulture invites applications for the following 
positions. 

The Plant Quantitative Geneticist/Statistical Ge- 
nomicist position (requisition #090232) is a nine- 
month, tenure-track, ASSISTANT/ASSOCIATE/ 
FULL PROFESSOR position with an 80 percent 
research and 20 percent teaching appointment. Requires 
Ph.D. in plant breeding, genetics, agronomy, or other 
relevant discipline; postdoctoral or private sector com- 
petency in genetics, plant breeding, genomics, and bio- 
informatics relating specifically to improving selection 
efficiency in maize or other crop species; demonstrable 
expertise / experience in quantitative genetics, statistical 
genomics, and bioinformatic approaches to the study 
of genes that control quantitative traits influencing 
crop productivity; publication of previous original re- 
search in peer-reviewed journals. Successful candidate 
will have an internationally recognized, competitively 
funded research program in plant quantitative genetics / 
statistical genomics relating specifically to improving 
selection efficiency in maize and other crop species. 

The Plant Molecular Physiologist position (requisi- 
tion #090229) is a nine-month, tenure-track, AS- 
SISTANT PROFESSOR position with an 80 percent 
research and 20 percent teaching appointment. Requires 
Ph.D. in molecular biology/physiology, agronomy/ 
horticulture, or other relevant discipline; postdoctoral 
or private sector competency in molecular plant phys- 
iology relating to plant response and adaptation to 
abiotic stress; demonstrable expertise /experience in 
using molecular, biochemical, physiological, genetic, 
and genomic tools and protocols common to such 
studies; publication of previous original research in 
peer-reviewed journals; evidence of written or co- 
written successful grant applications; and expertise / 
effectiveness in classroom instruction. 

To apply: Go to website: http://employment. 
unl.edu and search for requisition #090229 for 
the Plant Molecular Physiologist position or requisi- 
tion #090232 for the Plant Quantitative Geneticist/ 
Statistical Genomicist position. Complete the Faculty 
Academic Administrative Information Form. Attach a 
letter of application, curriculum vitae, and two personal 
statements, one describing your research focus/interest 
and one describing your teaching expertise /experience. 
Review of applications will begin on August 14, 2009, 
and continue until the position is filled or the search is 
closed. Arrange for three letters of reference to be sent 
electronically by August 14, 2009, to e-mail: cwendt1@ 
unl.edu. The University of Nebraska has an active National 
Science Foundation ADVANCE gender equity program, and is 
committed to a pluralistic campus community through affirmative 
action, equal opportunity, work-life balance, and dual careers. 


Memorial Sloan-Kettering Cancer Center — 
RESEARCH ASSOCIATE POSITION in Cancer 
Population Genetics and Genomics. Starting July 1, 


2009. Focus on inherited susceptibility to cancers of 


the breast, ovary, colon, prostate, and lymphoma. 
Methodologies include whole genome association stud- 
ies, population genetics, and candidate gene associate 
studies (see, for example, PubMed ID 18326623; 
18251999; 17999359). Applicant must have strong 
background in population genetics, molecular biol- 
ogy, and high throughput genotyping. Send applica- 
tion and three letters of reference to: Kenneth Offit, 
M.D., M.P.H., Clinic Genetics Service, Box 192, 
Memorial Sloan-Kettering Cancer Center, 1275 York 
Avenue, New York, NY 10065. Fax: 646-888-4081; 
e-mail: offitk@mskcc.org. Memorial Sloan-Kettering Cancer 
Center is an Equal Opportunity Employer with a strong conunit- 
ment to enhancing the diversity of its faculty and staff. Women 
and applicants from diverse racial, ethnic, and cultural back- 


grounds are encouraged to apply. 
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ASSISTANT OR ASSOCIATE PROFESSOR 


Center of Excellence for Infectious Diseases 


The newly created Center of Excellence for Infec- 
tious Diseases at the Paul L. Foster School of Medi- 
cine, Texas Tech University Health Sciences Center, 
El Paso, Texas, is seeking candidates for tenure-track 
faculty positions at Assistant or Associate Professor 
level. This is part of a state-funded initiative to en- 
hance research in infectious diseases. The Center is 
primarily interested in investigators with research in- 
terests in molecular immunology, host-pathogen in- 
teractions, vaccine development, and animal models 
for translational studies. 

Successful candidates are expected to develop and 
maintain independently funded research programs in 
infectious diseases or a related field. The position re- 
ports to the co-directors of the Center of Excellence 
for Infectious Diseases. 

Minimum qualifications: M.D. or Ph.D. degree in 
a related field and at least three years of postdoctoral 
experience with a strong publication record. 

Preferred qualifications: Candidates with funded 
grant support and experience in emerging infectious 
diseases and cutting edge technologies are particu- 
larly encouraged to apply. 

The Center offers competitive salary and startup 
packages, newly constructed laboratory space, BSL-2 
and BSL-3 laboratories, and a supportive interactive 
environment. Interested candidates must apply online 
at website: http://jobs.texastech.edu, requisition 
#77147 by submitting curriculum vitae, a short write- 
up of research interests, and three letters of recom- 
mendation. For further information, please e-mail or 
contact: 


Manjunath Swamy, M.D. 
E-mail: manjunath.swamy@ttuhsc.edu or 
Premlata Shankar, M.D. 
E-mail: premlata.shankar@ttuhsc.edu 
Co-Directors of the Center of Excellence for 
Infectious Diseases 


The positions are open until filled. Application re- 
view will begin immediately. 

Texas Tech University Health Sciences Center is an Equal 
Opportunity /Affirmative Action Employer. 


FACULTY POSITION 

The University of California, San Diego (UCSD) 
Departments of Psychiatry and Cellular and Molec- 
ular Medicine are seeking candidates for a full-time 
academic faculty position (tenure track/tenured) at the 
ASSISTANT or ASSOCIATE PROFESSOR level. 
Candidates must have a Ph.D. (or M.D.-Ph.D.) de- 
gree in molecular genetics or a related field. Individuals 
should have a documented track record of research 
in conducting genomewide analyses of CNVs (copy 
number variations) with respect to identifying risk 
factors for a wide variety of neuropsychiatric dis- 
eases. Collaborations are available to work with re- 
search scholars in examining the genetic bases for 
schizophrenia, bipolar disorders, alcoholism, anxiety 
disorders as well as post traumatic stress disorder and 
other serious mental disorders. A proven track record 
in a research- or academic-related setting and a dem- 
onstrated track record in publishing peer-reviewed 
research articles and obtaining research grants are 
necessary. Candidates are invited to view the websites 
of the two departments at: http://psychiatry.ucsd.edu 
and http://cmm.ucsd.edu. The candidate’s rank and 
step will be determined by individual academic qual- 
ifications and achievements. Salary is based upon Uni- 
versity of California salary scales. Review of applications 
will begin on June 30, 2009, and continue until the 
position is filled. Candidates should send curriculum 
vitae, letter of interest, and any other supporting doc- 
uments to: Search Committee P/CMM, UCSD De- 
partment of Psychiatry, 9500 Gilman Drive, La Jolla, 
CA 92093-0603. 

UCSD is an Equal Opportunity /Affirmative Action Em- 
ployer with a strong institutional conmnitment to excellence through 
diversity. 


POSITIONS OPEN 


ASSISTANT/ASSOCIATE PROFESSOR OF 
PHYSIOLOGY 
Southern Illinois University Carbondale 


The Department of Physiology at Southern Illinois 
University Carbondale’s School of Medicine, Carbon- 
dale, invites applications for a tenure-track faculty posi- 
tion at the rank of Assistant or Associate Professor 
effective January 1, 2010. The specific area of research 
of the candidate should be competitive for extramural 
funding and preferably complement existing depart- 
mental strengths in cancer biology, neuroscience, repro- 
duction, endocrinology, aging, and metabolism /obesity. 
The successful candidate will be expected to contribute 
to the medical school, graduate, and/or undergraduate 
teaching responsibilities of the Department. The position 
includes a 100 percent time, 12-month, state-funded 
competitive salary, spacious research facilities, and sub- 
stantial startup funds. The University has over 22,000 
students, making it the second largest public university 
in Ilinois. Applicants must have a Ph.D. (or equivalent 
degree) and evidence of high-quality research poten- 
tial. Postdoctoral experience is required. For appoint- 
ment at the associate level, the candidate should have 
faculty status at a university (or equivalent), an extramu- 
rally funded research program, and a strong record of re- 
search productivity as evidenced by a history of extramural 
funding and extensive publications in scientific jour- 
nals. Additional departmental information is available 
at website: http://www.siumed.edu/physiology/. 

Review of applications will begin July 1, 2009, and 
will continue until the position is filled. Applicants 
should submit curriculum vitae and description of re- 
search and teaching interests and should arrange to have 
at least three letters of reference sent to: 


Faculty Search Committee 
c/o Dr. Peter R. Patrylo 

Department of Physiology 

School of Medicine 
Mail Code 6512 
Southern Illinois University Carbondale 
1125 Lincoln Drive 
Carbondale, IL 62901 


SIUC is an Affirmative Action/Equal Opportunity Employer 
that strives to enhance its ability to develop a diverse faculty and 
staff to increase its potential to serve a diverse student population. 
All applications are welcomed and encouraged, and will receive 
consideration. This is a security sensitive position. Before any offer 
of employment is made, the University will conduct a preemploy- 
ment background investigation, which includes a criminal back- 


ground check. 


POSTDOCTORAL POSITIONS available for 
recent graduates with Ph.D. and/or M.D. degrees 
with a commitment to research careers in diabetes 
and related diseases. Studies are being conducted in 
the areas of islet biology and transplantation, beta cell 
proliferation, endodermally derived endocrine tissue, 
immune tolerance and histocompatibility molecules in 
type 1 diabetes, electrophysiology of ATP-sensitive 
potassium channels, insulin resistance in aging, diabet- 
ic neuropathy, insulin signaling, glucose transporters, 
lipid synthesis, metabolism, vascular diseases, pregnan- 
cy loss and malformations in diabetes. Send curriculum 
vitae to: Dr. Michael L. McDaniel, Department of 
Pathology and Immunology, Campus Box 8118, 
Washington University School of Medicine, St. Louis, 
MO 63110. E-mail: mmcdaniel@wustl.edu. Affirma- 
tive Action/Equal Opportunity Employer. 
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Science 
Signaling 


Science Signaling features top-notch, peer-reviewed, original 
research. Each week, the journal publishes leading-edge 
findings in addition to the current features, including 
Perspectives, Reviews, Protocols, Meeting Reports, Book 
Reviews, Teaching Resources and the Database of Cell Signaling. 


Science Signaling showcases high-impact research in cellular 
regulation in fields such as molecular biology, development, 
immunology, neuroscience, microbiology, physiology and 


Si eae aling medicine, pharmacology, biochemistry, cell biology, 
‘eng ng bioinformatics and systems biology. 


Subscribing to Science Signaling ensures that you and your lab 
have the latest cell signaling resources. From basic science to 
design of therapeutics, from molecules to networks and systems 
design, read the best source, Science Signaling. Subscribe at 
http://pubs.aaas.org/pub7/pub7_setup.asp. 


Submit your research that provides new concepts 
and new understanding of biological signal 
transduction for consideration at 
www.sciencesignaling.org/about/help/research.dtl. 


ISSN: 1937-9145 


Chief Scientific Editor 
Michael B. Yaffe, M.D., Ph.D 
Associate Professor, Department of Biology 
Massachusetts Institute of Technology 


Editor re - t 
cience Signalin 
Nancy R. Gough, Ph.D S S & 5 | 
American Association for the BVAAAS | 
Advancement of Science 


www.sciencesignaling.org 


R&D Systems Bioactive Proteins 
High quality proteins aren't a luxury, they are a necessity. 


WHAT'S THE RISK? v Missed Opportunities % Non-specific results 


/ Experiments that can't be repeated “ Weeks or months of wasted time 


Stress Fibers B-Catenin Merge 


Untreated 


Wnt-3a 


Wnt-5a 


R&D Systems recombinant mouse Wnt-3a (Catalog # 1324-WN) and Wnt-5a (Catalog # 645- 
WN) promote stress fiber formation in NIH-3T3 cells, while only Wnt-3a promotes nuclear 
-Catenin accumulation. Please visit our website for information about our new high purity Va! 
human Wnt-3a (Catalog # 5036-WNP). Images Courtesy of Dr. Raymond Habas, Robert Wood _Forresearch use only. Not for use in diagnostic procedures. 
Johnson School of Medicine. 


R&D Systems has spent almost 25 years building its reputation 
as a source for high quality proteins. 


Every stage of protein development takes place in R&D Systems’ laboratories, from cloning of the gene, to protein purification and testing 
for bioactivity. Because we control all aspects of protein manufacturing, R&D Systems can better control the quality of our products and 
the technical assistance we offer. Please visit our website at www.RnDSystems.com/go/Proteins for more information. 


Cancer Development Endocrinology Glycobiology Immunology Neuroscience Proteases Signal Transduction Stem Cells 


R&D Systems Tools for Cell Biology Research™ 


USA &Canada R&D Systems, Inc. Tel: (800) 343-7475 info@RnDSystems.com 
Europe R&D Systems Europe, Ltd. Tel: +44 (0)1235 529449 info@RnDSystems.co.uk 
China R&D Systems China Co., Ltd. Tel: (800) 988-1270 info@RnDSystemsChina.com.cn 


Selection expanding weekly—visit www.RnDSystems.com/go/request to sign up for weekly new product updates. 


